UNCLASSIFIED 
AD  NUMBER 


ADA279796 

CLASSIEICATION  CHANGES 

TO: 

unclassified 

FROM: 

restricted 

LIMITATION  CHANGES 

TO: 

Approved  for  public  release^  distribution 
unlimited 


FROM: 

Controlling  Organization:  US  National 
Aeronautical  and  Spaca  Administration^ 
Washington,  DC. 


_ AUTHORITY _ 

E.O.  10501,  5  Nov  1953;  NASA,  5  Nov  1953 


THIS  PAGE  IS  UNCLASSIEIED 


AD-A279  796 


,  \V''^ 


MCA  CONFERENCE 

ON  SOME  PROBLEMS  OF  AIECrAFT  OPERATION 


A  COMPILATION  OF  THE  PAPIES  PRESENTED 

Lewis  Flight  Propulsion  Laboratory 
Cleveland,  Ohio 


October  9  and  19,  1950 


DTIC  QuAUPY  u'>;ciFECTELD  3 


1 


CONTENTS 


INTOODUCTION . . *. . vii 

LIST  OF  CONFIREES  . .  lx 

OECHNICAL  DISCUSSIONS: 


ATMOSPHERIC  TURBULENCE  AND  ITS  E5TECT  ON  AIRCRAFT  OPERATION 


1.  ELEMENTS  OF  THE  FATIGUE  PROBLEM. 

By  PAUL  KUHN .  1 

2.  INTRODUCTION  TO  THE  PROBLEM  OF  REPEATED  GUST  LOADS. 

By  H.  B.  TOLEFSON .  7 

3.  GUST-LOAD  EXPERIENCE  IN  TRANSPORT  OPERATIONS. 

By  JOHN  R.  WESTFALL  and  ROY  STEINER .  15 

i^.  THE  DETECTION  AND  FORECASTING  OF  TURBULENCE. 

By  JAMES  K.  THOMPSON .  21 

5 .  SOME  ASPECTS  OF  GUST  ALLEVIATION. 

By  HAROLD  B.  PIERCE  . .  28 

6.  ANALYSIS  OF  MEANS  TO  INCREASE  THE  SMOOTHNESS  OF  PLIGHT 

THROUGH  ROUCT  AIR . 

By  WILLIAM  H.  PHILLIPS .  3^ 


SOME  ASPECTS  OF  AIRCRAFT  SAFETY  -  ICING,  DITCHING  AND  FIRE 

7.  METEOROLOGICAL  FACTORS  IN  THE  DESIGN  AND  OPERATION  OF 

THERMAL  ICE  PROTECTION  EQPIPMENT  FOE  HI(m -SPEED, 

HKH -ALTITUDE  TRANSPORT  AIRPLANES. 

By  WILLIAM  LEWIS,  U.  S.  Woather  Bureau .  39 

8.  THERMAL  ICE  PROTECTION  FOR  HIGH-^^*  TRANSPORT  AIRPLANES 

By  THOMAS  P.  GEIDER  and  STANLEY  .  50 

9.  AIRCRAFT  OPERATIONAL  PROBIEMS  INVOLVED  IN  DITCHING. 

By  LL07D  J.  FISHER .  58 

10.  SOME  ASPECTS  OF  THE  TRANSPORT  AIRPLANE  FIRE  PROBLEM. 

I.  IRVING  PIMOSL 


6k 


RESroiCTED 


Pago 

AERODTIttMIC  CONSIDIl^TIOIiS  F(»  EICS -SPEED  miiSPQRT  AIRPLANES 

11.  REVIEW  OP  AIRPLANE  CHARACTERISTICS  PERTAINING  TO  HIGH¬ 


SPEED  PERFORMANCE. 

By  RALPH  P.  BIBLAT . .  73 

12.  HIOBLEMS  OF  OBTAINING  SATISFACTQRT  LOW -SPEED  FLYING 

QUALITIES  FOR  TEEN-WING  AND  SWEPT-WING  AIRPLANES. 

By  LAWRENCE  A.  CLOUSING .  8l 

13 .  SPEED  ffiAXES  FOR  HIGH-SPEED  ORANSPORT  AIRPLANES. 

By  JACK  D.  STEPHENSON  . .  92 

Ik .  REVIEW  OF  HANDLING  QUALITIES  REQUIREMENTS  IN  RELATION 
TO  AIRPLANE  OPBRATING  PROBLEMS. 

By  CHRISTOPHER  C.  KRAFT,  Jy .  99 

15.  A  STUDY  OF  REQUIRPMEMTS  F0|i  POWER -OPERATED  COlfIROLS 

AND  MECHANICAL -PEEL  DEVICES. 

By  B.  PORTER  BROWN  .  .  . .  105 

IR0PUL3I0N  CONSIDERATIONS  FOR  HI<S -SPEED  TRANSPORT  AIRPLANES 

16.  SOME  CONSIDERATIONS  OF  AIRCRAFT  NOISE. 

By  HARVEY  H.  HUBBARD .  112 

17.  PROPELLER  CONSIDERATIONS  FCR  HIGH-SPEED  TRANSPORT 

AIRPLANES. 

By  SLAKE  W.  CORSON,  Jr.,  ani  JOTN  L.  CRIGLER .  119 

18.  POWER  PLANTS  FOR  HI<a-SPEED  TRANSPORT  AIRPLANES. 

By  HHJCE  T.  LUNDIN  and  EIDON  W.  HALL . .  .  12? 

19.  OPERATIONAL  CHARACTERISTICS  OF  TURBINE  ENGINES. 

By  WILUAN  A.  FLEMIHG  and  REECE  V.  HENSLEY . .  137 


▼ 


Aoeeaslon  For 

RTtS  ORA&I 
DTIC  TAB 
Uoatuioucced 
UvslLfiaaticn- 


By - 

Availability 


iv^il  and/or 
Spaolal 


RESTRICTED 


Plat 


BESTOICTED 


INTRODUCTION 

This  volume  contains  copies  of  the  technical  papers  presented  at 
the  NACA  Conference  on  Some  Problems  of  Aircraft  Operation  on  October  9 
and  10,  1950  at  the  Lewis  Flight  Propulsion  Laboratory.  ^  This  conference 
was  attended  by  members  of  the  aircraft  Industry  and  military  services. 

The  original  presentation  and  this  record  are  considered  as  com¬ 
plimentary  to,  rather  than  as  substitutes  for,  the  Committee's  system 
of  complete  and  formal  reports. 

A  Hat  of  the  conferees  Is  Included. 
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1.  ELEMEOTS  OF  THE  FATIGUE  PROBLEM 
By  Paul  Kuhn 
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ATi-'aSP’IERTC  TURRlil  EIJC'*^  A!II)  ITG  EFFECT 
m  AIRCRAFT  OLKrLi'i'iOM 
1  -  FJI’II.'ENTS  OF  V;^1C  FATIGUE  rRa^IEM 
Ry  Kuim 

Lnriijley  AeronnutTcal  Laboratory 


Sore  of  tlie  problems  asoocilatod  I'dth  atmospheric  turbulence 
and  its  effects  on  airplane  operation  can  be  appreciated  readily 
vriuthout  a  ly  b-aclctrourd  of  rpecial  Knowledge.  i5\'en  n  layian  with-  • 
out  any  Inowled 'o  of  flying  can  ap'^reciate  the  effect  of  turbulence 
on  passenger  co.:'/ort^  With  a  little  iiiiaginntiori,  )ie  can  understand 
that  very  violent  turbulence  may  breaF  t!io  airplane,  Tlin  most 
insidious  effect  of  turbulence,  havever,  and  potentially  at  least 
tlie  mast  important,  can  be  appreciated  only  v.dth  some  background 
of  specialized  knowledge.  It  is  the  promotion  of  fatigue  failure. 

Fatigue  failures  are -an  old  story  to  transportation  engineers. 
In  lO^O,  there  was  a  meeting  of  mechanical  engineers  in  England  at 
v;hic}i  a  paper  was  presented  dealing  vdth  fatigue  failwes  of  rail- 
v;ay  axles.  The  speaker  stated,  among  otjier  things,  that  he  was 
collecting  statistics  on  service  failures,  A  few  years  later,  a 
German  railway  engineer  started  systematic  fatigue  tests  on  rail¬ 
way  axles.  The  curves  he  plotted  are  knovm  to  engineers  in  Europe 
by  his  name,  in  our  country,  more*  prosaically,  as  fatigue  curves 
or  S-N  curves.  Around  19oO,  there  were  several  engineering  meet¬ 
ings  in  England,  in  Australia,  and  in  tlx*  United  States,  devoted 
specifically  to  discussions  of  fatigue,  and  railway  axles  received 
their  share  of  attention  in  all  of  them. 

Nov;,  it  is  not  impossible  to  build  machinery  that  vd.ll  live, 
perhaps  not  forever,  but  certainly  to  an  astonishing  age,  One- 
lunger  boat  engines  half  a  century  old  are  not  uncommon,  and  steam 
engines  even  older  are  still  going  strong  v/lthout  fatigue  failure. 
IlCT.vcver,  if  the  age  of  such  engines  is  astonishing,  their  weight 
is  even  more  astonishing.  Airplane  engines  and  airplane  frames 
built  on  similar  principles  would  most  certainly  be  safe  against 
fatigue  failure  in  the  air,  because  they  would  never  leave  the 
groTind.  If  man  insists  on  his  jrtachinery  leaid-ng  the  ground,  he  must 
accept  some  risk  of  static  or  fatigue  failure. 
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Static  failures  in  the  air  were  common  in  the  earliest  days  of 
aviation.  This  situation  was  greatly  improved  by  the  use  of  more 
careful  stress  analysis,  accompanied  by  strength  tests  and  by  the 
use  of  high  load  factors.  With  relatively  high  load  factors,  low 
airplane  speeds  and  small  numbers  of  flight  hours,  fatigue  fail\ires 
were  rather  rare  and  generally  attributable  to  vibration  induced  by 
the  engine  or  aerodynamically.  However,  over  twenty  years  ago,  a 
series  of  fatigue  failures  occurred  in  the  spar  caps  of  a  European 
transport  type  that  were  probably  caused  by  gust  loads.  Since  then, 
there  has  been  a  steady  trend  to  vdiittle  doT,vn  the  load  factors, 
to  increase  the  speed,  and  to  increase  tht  total  number  of  flight 
hours  of  transport  tj^pe  airplanes.  With  this  trend,  it  is  becoming 
more  and  more  difficult  to  postpone  fatigue  failures  long  enough 
to  obtain  the  desired  service  life  of  the  structure. 

What  can  be  done  to  ensure  a  structure  that  is  at  least  reason¬ 
ably  satisfactory  is  nov^  to  be  considered,  A  glance  at  the  history 
of  airplane  engine  design  may  be  instructive.  For  a  long. time,  engines 
were  notorious  for  developing  fatigue  troubles.  Intensive  efforts 
-were  made -to  decrease  these  troubles  by  improving  design  methods  and 
features,  mateirlals,and  mateidals  processing,  and  by  keeping  close 
tab  on  service  experience,  'With  all  this  vast  backlog  of  expeidence 
for  the  improvement  of  engine  design,  each  new  type  still  goes 
through  a  lengthy  debugging  period,  and  an  acceptance  run  is  still 
required  for  any  new  type  of  engine. 

Consideration  has  been  given  to  fatigue  tests  on  airplanes 
comparable  to  the  acceptance  runs  of  engines.  Assume  that  the  air¬ 
plane  is  to  have  a  life  of  3'0,000  flying  hours.  The  fatigue  test 
would  have  to  duplicate  the  fraction  of  that  tine  that  is  spent  in 
turbulent  air,  A  widely  used  number  for  that  fraction  is  one-tenth. 

The  fatigue  test  would  thus  require  5*000  hours,  or  about  7  months. 

That  would  be  2li  hours  a  day  rimming  time,  with  no  time  allowance 
for  stops  to  inspect  for  cracks,  or  perhaps  to  repair  the  parts  of 
the  loading  apparatus  that  have  failed  in  fatigue.  The  time  estimate 
assumes  furthermore  that  the  test  speed  can  be  adjusted  to  obtain 
values  corresponding  to  flight  conditions.  This  may  be  extremely 
difficult  in  some  airplanes  without  running  the  risk  of  having  the 
test  become  misleading.  It  appears,  then,  that  the  road  to  a  good 
test  technique  will  be  a  long  and  expensive  one. 

In  any  event,  a  procedure  for  testing  a  coi!^loted  airplane  is 
obviously  not  a  good  substitute  for  a  design  procedure  when  dealing 
with  such  a  large  and  expensive  structure  as  an  airplane.  The 
desired  goal  is  to  predict  tlie  fatigue  life  by  calculation.  Such  a 
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pl’ediction,  jnst  like  p.  prediction  of  static  strength,  requires  that 
three  questions  1)0  answer'd: 

(1)  VJhat  are  the  repeated  loads? 

(2)  ’iYhat  strc:sr':>s  arc  caused  by  these  leads? 

(3)  What  are  the  allavable  stresses? 

The  first  question,  that  of  repeated  loads,  is  dealt  with  in  sub¬ 
sequent  papers,  .  Attention .should  he  called  to  the  fact  that  the 
loads  can  be  defined  only  on  a  statistical  basis.  This  means  that 
it  is  impossibDe  to  predict  tbo  Dife  o.^  one  pi von  airplane.  It  is 
only  poEsibl  j  to  predict  sene  thing  liK^,  the  rverag^.  life  of  a  Large 
fleet  of  a:'.rp-lanos,  a  hundiofi,  for  example,.  Gome  airplanes  will  live 
longer  than  the  average,  som  -  not  so  long.  The  opera ti. on  of  any 
giv>3n  aii'pjane  thcr^loro  nec ess- rily  Lnv  ilvos  some  risk.  For  design 
purpos:'s,  it  is  neccss'Ty  to  put  .a  na.iber  on  this  risk,  in  order  to 
maka  it  a.oalculatod  risk.  nVw  to  arrive  as  this  number  is  one  of 
the  many  open  questions,  rar  passenger  airolan' s,  perhaps  as  good 
■a  suggestion  as  any  is  to  take  this  risk  equal  to  tho  risk  of  every¬ 
day  life  on  the  ground  as  measured  by  tho  prerriiPir.  rates  ol’  life 
insurance  companies. 

•  On  the  second  question,  that  of  stresses  caused,  by  loads,  it 
should  be  noted  that  a  reasonably  reliable  prediction  of  fatigue 
life  v/ould  require  .a  iruich  t.oro  complete  and  accurate  stress  analysis 
than  is  currently  customary.  Much  can  bo  dene  by  more  complete  use 
of  available  knav ledge,  A  considerable  portion  of  the  NACA  research 
on  structures  has  always  been  devoted  to  stress  analysis.  However, 
much  additional  res.orrch  is  needed  on  such  items’  as  stresses  around 
cut-outs,  sudden  changes  of  cross  section,  and  the  largo  complex 
of  problems  usually  lumped  in  the  term  "secondary  stresses."  This 
term  vras  coined  in  the  days  vdien  only  static  strength  was  of  concern. 
V/hen  fatigue  comes  into  the  picture,  the  so-called  secondary  stresses 
often  ass me  primary  importance. 

The  third  question,  th.at  of  the  allowable  stresses,  is  rather 
easily  answered  for  static  strength  design,  but  not  so  for  fatigue 
design.  A  number  of  factors  that  are  unimportant  or  non-existent 
in  the  static  case  become  very  important  in  the  repeated  load  case, 
TTie  main  factors  are  scatter  in  test  results,  complexity  of  load 
history,  and  stress-concentration  effects. 

• 

The  first  factor  is  illustrated  in  figure  1,  The  figure  shows 
results  obtained  in  rotating-beam  fatigue  tests.  The  maximum  stress, 
S,  experienced  by  one  fiber  of  the  beam  during  one  revolution  is 
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plotted  against  N,  the  number  of  cycles  to  failure.  At  each  stress 
level,  a  number  of  specirons  wrre  tested.  The  average  life  for  the 
group  is  denoted  by  a  circle.  The  circles  fall  fairly  close  to  a 
smooth  curve,  and  in  this  particular  case,  this  curve  agrees  verj'’ 
closely  with  the  corresponding  one  established  by  the  Aluiainum 
Company  of  America,  Hov^ever,  the  life  of  the  longest-lived  specimen 
at  a  given  stress  level,  denoted  by  a  tickmark,  differs  from  that  of 
the  shortest  lived  one  by  a  factor  of  about  ton.  In  other  tests, 
this  scatter  may  be  worse,  and  the  average  curves  obtained  in 
different  laboratories  often  differ  by  quite  a  margin. 

This  scatter  has  often  been  attributed  to  variation  of  material 
properties,  but  no  correlation  with  any  material  property  has  been 
established  to  date.  It  is  known  qualitatively  that  the  machining 
procedure  used  to  make  the  specimens  is  quite  important.  There  is 
also  a  school  of  thought  which  holds  that  at  least  part  of  the 
scatter  is  associated  with  the  fact  ttiat  the  atoms  of  the  material 
move  about  in  a  random  fashion,  v/hich  is  of  course  beyond  control, 

Ti^re  2  conveys  some  idea  of  the  problem  of  complexity  of 
load  pattern.  The  top  of  the  figure  shows  an  actual  load  record 
from  an  airplane  flying  through  turbulent  air.  The  acceleration 
at  the  airplane  C.G,  is  plotted  agajjist  time.  Obviously,  the 
pattern  is  very  complex.  The  lower  part  of  the  slide  shows  load 
patterns  obtainable  in  fatigue  machines.  Pattern  One  is  a  stress 
oscillating  with  constant  amplitude  about  a  mean  value  of  zero.  The 
rotating-beam  machine  has  such  a  pattern.  Pattern  Two  shows  a 
constant  mean  stress  and,  superposed  on  it,  an  oscillating  stress 
of  constant  amplitude.  This  is  the  pattern  used  at  present  to 
obtain  design  allowable  stresses.  In  Pattern  Three,  a  certain  number 
of  cycles  is  applied  with  one  stress  amplitude;  then  the  amplitude 
is  changed,  and  the  loading  is  continued  until  failure  occurs. 

Now,  if  the  larger  amplitude  were  applied  first  in  this  test,  and 
then  the  smaller  amplitude,  the  result  would  be  quite  different. 

The  allowable  stress  depends  not  only  on  the  number  and  magnitude 
of  -the  stresses,  but  also  on  the  sequence  of  application. 

Pattern  Four  has  a  number  of  amplitudes,  arranged  in  a  block 
or  sequence.  The  entire  block  is  repeated  until  failure  occurs. 

If  the  number  of  cycles  at  each  amplitude  is  made  to  agree  with  the 
statistical  distribution  of  gust  loads,  the  test  is  known  as  a  gust-' 
spectrum  test.  It  is  the  closest  approximation  to  the  actual  load 
pattern  in  the  airplane  that  is  now  considered  practicable.  At 
present,  there  is  no  fatigue  machine  in  this  country  capable  of  per¬ 
forming  such  tests  efficiently.  However,  a  medium-capacity  machine 
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of  this  type  is  \mdergoing  calibration  at  the  NACA  Langley  Aero¬ 
nautical  Laborstoiy  and  a  larger  one  is  uiidcr  contract.  An  irr-por- 
tant  phase  of  th^  r'..'S<?arch  woi-k  ■will  bo  to  see  hew  well  test  results 
obtained  under  Pattern  Four  can  be  predicted  fron  the  design  allow¬ 
ables  obtained  under  Patter'n  Tv.o.  Later,  the  electronic  control  on 
the  first  machine  will  be  changed;  the  new  control  will  use  a  one- 
hundred  hour  gust  load  rocerd  as  basic  control  !oediun  to  apply  the 
actual  complex  load  pattern  to  the  test  specir,ens. 

In  the  past  three  years,  a  large  amount  of  work  has  been  dene 
under  a  large-scale  program  to  establish  desifgn  allowable  stresses 
for  airframe  ns te rials.  This  work  is  carried  out  in  part  by  the 
Battelle  tlemorial  Institute,  in  part  by  the  NhCA  Langely  Aeronautical 
Laboratory.  It  iaicludes  dt, termination  of  allowablf;  stresses  on  the 
most  important  airfrano  materials,  the  eCfeots  of  stress  raisers, 
the  effect  of  size  of  str-ss  raisers,  and  tlte  effects  cf  yielding, 

A  large  amount  of  ■work  remains  to  be  done,  however,  to  establish 
these  effects  quantitatively.  One  of  the  gr-'^at  difficulties  in 
this  w'ork  is  the  inherently  large  scatter  in  all  fatigue  tests 
which  makes  it  necessary  to  test  large  nu:<ibers  of  specimens, 

A  number  of  other  fatigue  problems  arc  being  investigated  under 
contract  at  several  universities. 

The  problem  of  detecting  fatigue  failures  as  early  r.s  possible 
is  one  of  great  interest  to  research  men  as  well  as  to  operators. 

The  failure  starts  as  a  very  small  crack,  vfrich  grows  slov/ly  or 
rapidly  until  the  part  breaks  staticallym  In  siir.ple  specimens,  at 
least,  the  crack  does  not  form  in  the  majority  of  cases  until  ^0 
to  90  percent  of  the  fatigue  life  has  been  exhausted,  that  is,  the 
major  part  of  the  fatigue  damage  is  done  before  there  is  any  crack. 
Although  much  effort  has  been  devoted  to  the  problem  of  detecting 
fatigue  damage,  there  exists  at  present  no  method  for  detecting 
damage  short  of  an  actual  crack.  Once  a  crack  has  formed,  it  is 
poSvSible  to  See  the  damage,  provided  that  the  crack  is  located  some 
place  -inhere  it  can  be  seen.  There  are  -various  methods  for  facilita¬ 
ting  the  detection  of  cracks.  On  an  airplane  structure,  many  parts 
are  unfortunately  not  accessible  to  visual  inspection.  There  are 
methods  for  detecting  internal  cracks,  but  there  seems  to  be  little 
hope  that  these  mathods  can  ever  bo  applied  to  anything  but  extremely 
simple  individual  pieces. 

I 

Fatigue  tests  being  made  on  transport  airplanes  are  another 
example  of  KACA  research  in  the  fatigue  field,  Trventy  C-li6  airplanes 
were  obtained  from  vjar  surplus.  The  central  portion  cf  the  fuselage 
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is  mounted  between  two  supports.  The  outer  portions  of  the  wings 
are  removed.  A  concentrated  mass  is  attached  to  the  now  tip  of 
each  wing  to  produce  in  the  root  region  stresses  of  the  sane 
magnitude  as  the  1  g  stresses  in  level  flight.  Pushrods  fastened 
to  the  wing  tips  produce  an  oscillating  load  of  0.625  g  at  the 
natural  frequency  of  the  wing,  101  cycles  per  minute.  The  distri¬ 
bution  of  the  flight  stresses  is  approxDjnatcd  fairly  closely  over 
a  spanwise  distance  of  about  one-third  of  the  original  span.  From 
these  tests  an  effort  will  be  made  tc  doterr;ine  viiether  the  scatter 
in  tests  on  complex  structures  is  greater,  loss,  or  the  same  as  in 
tests  on  simple  specimens. 

It  may  seem  that  the  fatigue  problem  is  a  somewhat  hopeless  one. 
Unquestionably,  a  xevj  lr:rgc'  amount  of  'work  remains  to  be  done  and 
it  must  be  admitted  tliat  the  oicture  does  look  confused  at  present 
in  some  respects.  However,  there  is  good  reason  to  believe  that  the 
situation  wi.ll  iinpreve  considerably  witnin  a  few  years,  methods  of 
accounting  for  some  of  the  disturbing  factors,  such  as  size  effect, 
have  been  proposed  that  seen  to  offer  good  promise,  and  the  elimina¬ 
tion  of  any  one  disturbing  factor  greatly  helps  to  speed  up  the 
task  of  cleaning  up  the  remaining  ones. 

In  conclusion,  a  parallel  may  be  drawn.  The  fatigue  life  of  a 
structure  is  analogoxis  to  the  life  of  a  human  b3in3  in  that  it  is 
finite,  and  that  it  cannot  be  predicted  for  any  one  individual  with 
great  certainty  or  accuracy.  Advances  in  medical  research  do  not 
constitute  a  guarantee  that  the  life  of  one  individual  will 

be  increased,  but  they  do  guarantee  that  the  average  life  span  v^ill 
be  increased,  other  things  being  equal.  The  same  applies  to  fatigue 
research. 
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ATMOSPHERIC  TURBULENCE  AND  ITS  EFFECT 
ON  AIl^CRAFT  OPERATION 
2.  INTRODUCTION  TO  THE  PROBLJM  OF 
REPEATED  GUST  LOADS 
By  H.  B  Tolefson 
Leuigley  Aeronautical  Laboratory 


The  problem  ol  repeated  gust  leads  l9  to  define  the  gust  load 
experience  of  an  airplane  during  its  life.  The  problem  is  general 
in  that  it  covers  all  the  many  gust  lead  experiences  of  the  air¬ 
plane  without  specific  regard  to  the  occurrence  of  single  large 
loads  or  to  the  sequence  in  which  the  loads  are  applied.  The  solu¬ 
tion  to  this  problem  is  required  so  that  the  effects  of  gusts  upon 
airplanes  can  be  designed  for,  ro'duced,  or  avoided  The  purpose  of 
this  paper  is  to  present  the  elements  of  the  recurrent -gust -load 
problom  and  to  provide  some  background  for  subsequent  papers  on 
gust  loads. 

The  problem  of  repeated  gust  loads  I’esolves  into  three  parts : 

The  determination  oi'  the  pei'tinent  gust  characteristics  and  the 
i'requency  of  occurrence  of  gusts  in  the  atmosphere,  the  influence 
of  aii'plane  characteristics  on  the  loads  imposed  by  the  gust,  and 
finally,  the  determination  of  the  operating  conditions,  or  the 
manner  in  which  the  airplane  is  flown  and  dispatched  with  regard  to 
rough  air. 

Before  taking  up  the  three  parts  of  the  problem,  a  review  will 
be  made  of  the  concepts  of  gusts  and  of  available  methods  and  instru¬ 
ments  for  measuring  gusts.  It  is  obvious  that  gusts  in  the  atmos¬ 
phere  have  a  wide  variety  of  dimensions,  or  sizes,  and  that  the  vel¬ 
ocities  may  have  any  vertical  or  lateral  direction.  From  the 
standpoint  of  wing  loads,  however,  past  work  has  Indicated  that  the 
vertical  velocities  are  most  impoi'tant.  Ihe  work  has  also  indicated 
that  significant  gusts  are  those  I’ou^ly  the  size  of  the  airplane, 
althou^  quite  wide  variations  exist.  The  two  basic  elements  of  a 
gust  used  in  this  work  are  therefore  considered  its  vertical  com¬ 
ponent  of  velocity  end  its  size.  These  elements  are  illustrated  in 
the  first  figure,  which  shows  the  velocity  profile  of  an  average 
gust.  As  indicated,  the  velocity  is  directed  upwards  and  the  profile 
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is  assiraed  io  "be  symmetrical.  The  exact  shape  of  the  profile  is 
not  too  important  for  most  work,  and  In  some  cases  a  sine  wave  .is 
assumed  while  in  others  a  peaked  gust  is  used.  The  distance  H 
ii'.  which  velocity  Increases  to  a  maximum  is  used  as  a  muasuro  of 
the  sizo  of  the  gust  and  is  called  the  gradient  distance-^  The 
vert  cal  velocity  at  any  point  within  the  gust  is  assumed  to  be 
uniform  across  the  airplaiio  span. 

In  reducing  the  calculation  of  gust  loads  to  its  simplest 
form,  consider  the  condition  In  which  the  airplane  is  traveling 
at  velocity  V  and  suddenly  encounters  the  veitical  gust  velo¬ 
city  U-  The  gust  equation  in  figure  1  for  this  condition  indi¬ 
cates  that  the  maximum  acceleration  increment  experienced  by  the 
airplane  is  a  function  of  air  density,  slope  of  iifb  curve,  verrical 
component  of  gust  velocity,  forward  speed,  and  wing  load  ng  (refer¬ 
ence  1).  The  factor  K  accounts  for  the  vertical  movem.ont  of  the 
airplane  in  the  gust  and  for  the  fact  that  full  lift  is  not  realized 
inaued lately  for  a  sudden  change  in  angle  of  attack. 

In  routine  ovaluat.‘on  of  large  amounts  of  data  with  the  equa¬ 
tion,  it  has  hoen  found  conven.ent  to  base  the  value  of  K  on  a 
gust  with  an  average  gradient  distance  and  to  us©  sea  level  air 
density  and  equivalent  airspeed.  The  gust  voloc.lty  obtained  with 
these  substitutions  in  the  cquaticn  is  called  the  effective  gust 
velocity  (reference  1).  This  is  a  fictitious  value,  but  since  it 
is  a  measure  of  the  load  producing  capabilities  of  the  gust  and  is 
quite  easily  obtained,  the  effective  gust  velocity  is  widely  used 
in  loads  work. 

Tho  best  estimate  of  tho  true  maximum  gust  velocity  is  obtained 
if  true  airspoed  and  density  aro  used  in  tho  equation  and  K  is 
computed  on  tho  basis  of  actual  gust  and  airplane  characteristics. 
With  respect  to  the  current  design  of  rules  of  reference  2,  tho 
30  feet -per -second  giist  at  structural  cruising  speed  is  an  effec¬ 
tive  gust  velocity  and  corresponds  to  a  true  gust  velocity  of  about 
50  feet  per  second  at  sea  level. 

In  order  to  illustrate  the  method  of  measuring  these  various 
gusts,  figure  2  shows  a  portion  of  an  MCA  accelerometer  record 
taken  during  flight  in  rough  air.  Vertical  deflections  of  the 
trace  indicate  magnitude  of  the  accelerations  and  the  horizontal 
scale. denotes  time.  Some  imagination  and  experience  is  required 
in  interpreting  some  of  those  records,  but  ordinarily  the  large 
successive  peaks  in  the  record  would  be  classified  as  gusts.  The 
magnitude  of  the  acceleration  peaks  with  respect  to  the  reference 
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line  of  unity  are  read  for  evaluating  the  gust  velocities  and  the 
grad.'ent  disteuace  is  obtained  by  measuring  the  time  to  reach  peak 
de "lection 

The  NACA  accelerometers  used  for  open  time  scale  records  of 
the  type  shown  in  figiu-e  1.  are  used  primarily  on  spec.al  gust  inves¬ 
tigations.  In  view  of  the  relatively  short  recording  t-me  available 
Wath  these  insti’uments,  other  instruments  have  been  used  for 
obtaining  data  on  gust  characteristics  for  operations  where  longer 
recording  times  are  required. 

A  large  amount  of  the  available  effective  gust-velocity  data 
has  been  obta.ned  from  the  familiar  V-G  recorder  (reference  3). 

A  sample  of  the  type  of  record  obtained  from  the  recorder  is  shown 
in  the  figure  3.  The  record  consists  of  an  ai'ca  which  is  erased 
from  a  smoked  glass  plate  by  a  stylus  within  the  instrument.  During 
fli^t,  changes  in  airspeed  cause  the  stylus  to  move  horizontally, 
and  changes  in  acceleration  cause  the  stylus  to  move  vertically. 

The  boundary,  or  envelope  line  of  the  resulting  area  on  the  smoked 
plate,  represents  the  maximum  positive  and  negative  accelerations 
that  occiu’red  throughout  the  speed  range  for  the  period  of  operation. 
The  period  covered  by  the  record  of  figure  f  was  about  100  flight 
hours.  The  type  of  record  obtained  from  tho  instrument  does  not 
permit  the  many  sme.ll  accelerations  that  fall  within  the  erased 
area  to  be  identified.  The  V-G  recorder  is  therefore  unsuited  for 
obtaining  a  statistical  count  of  all  the  accelerations  to  a  low 
threshold,  such  as  might  be  desired  for  fatigue  studies,  but  only 
tho  outstanding  large  values  at  any  speed  can  be  detei’mined.  When 
these  maximum  positive  and  negative  accelerations  and  the  corres¬ 
ponding  airspeeds  from  figure  3  are  substituted  in  the  gusc  equa¬ 
tion  of  figviro  1,  the  maximum  effective  gust  velocities  encountered 
by  the  airplane  are  obtained. 

In  order  to  obtain  a  statistical  count  of  the  accelerations  to 
a  low  thi’eshold,  an  instrument  called  the  VGH  recorder  is  used, 

(See  reference  4  ).  This  instrument  is  sho^vn  in  figure  4.  Tho 
VGH  recorder  gives  a  time  history  record  of  airspeed,  acceleration, 
and  altitude,  from  which  comes  the  term  VGH  recorder.  It  consists 
of  an  acceleration  transmitter  that  is  installed  near  the  airplane 
center  of  gravity,  a  recorder  base  that  contains  airspeed  and  alti¬ 
tude  units,  and  a  film  drum.  With  the  VGH  recorder  it  is  possible 
to  obtain  approximately  100  flight  hours  of  record  with  the  film 
supplied  with  each  drum. 

As  an  illustration  of  the  type  of  record  obtained  from  the 
VGH  recorder,  figure  5  shows  a  portion  of  a  record  taken  from  a 
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commarcial  transport  dur.'ng  flight  in  rou^  air.  The  time  scale 
_  is  given  on  the  abscissa,  and  the  lower  trace  :s  alrsooed,  the 
middle  trace  acceleration,  and  the  upper  trace  altitude.  The  fine 
acceleration  peaks  are  gusts.  The  peaks  arc  very  cicse  together 
■because  of  the  slow  film  spbed  used  with  this  i nstrument .  The 
film  could  be  speeded  up,  but  the  i*ecording  shown  .'.n  figure  5  has 
■been  found  satisfactory  for  obialnlng  statistical  data  from  trans¬ 
port  opemtlonSo  In  eval’oa-.ing  these  records  for  tne  loads,  the 
magaitude  and  number  of  the  acceleration  peaks  ai'e  road.  The  air¬ 
speed  is  also  read  for  converging  the  acceleration  data  to  effec¬ 
tive  gust  velocities,  ifr’cm  the  uhrco  traces,  the  1  ad  and  gust 
history  of  the  airplane,  together  with  pertinent  operating  sta. - 
tistics,  such  as  airspeeds  and  altitudes  flown,  can  be  obtained. 

The  three  types  of  records  described  --  the  VGH  record,  the 
V-G  record,  and  the  open  time  scale  i-ecord  --  are  the  instruments 
and  methods  usually  used  in  taking  data.  In  some  cases,  where 
fine  details  of  the  gust  profile  are  needed,  instruments  to  mea¬ 
sure  rapid  changes  in  indicated  airspeed,  or  angle  of  attack  vari¬ 
ations,  are  also  used. 

Samples  of  data  on  gust  intensity  and  gradient  distance  are 
shown  In  figure  6  (from  reference  1),  in  which  intensity  ci'  gust 
is  plotted  as  the  ordinate,  and  average  gi'adicnt  dlsfance  as  the 
abscissa.  The  average  gradient  distance  is  used  to  obtain,  a  repre¬ 
sentative  value  for  the  spread  that  is  usually  measured  for  any 
-  gust  velocity.  It  may  be  noted  that  the  gi’adient  distance  in 
figui’e  6  is  given  In  terms  of  airplane  wing  chord  rather  than  in 
feet.  Gradient  distance  is  usually  expressed  in  this  manner 
because  of  all  gusts  in  the  atmosphere,  the  size  of  significant 
■ gusts  is  selected  by  the  airplane  on  the  basis  of  the  airplane 
size.  This  selecting  process  of  airplanes  is  analagous  to  the 
case  of  large  and  sms-ll  boats  on  the  ocean.  It  uS  apparent  that 
the  short  or  choppy  waves  that  toss  a  rowboat  around  do  not  affect 
the  motions  of  a  large  battleship.  Conversely,  the  long-period 
swells  that  make  rou^  goipg  the  battleship  give  only  gentle 
vertical  motions  to  the  rowboat.  The  airplane  ri..acts  in  a  similar 
manner  to  the  disturbances  in  the  atmosphere.  In  figure  6,  then, 
in  which  data  have  been  plotted  for  airplanes  varying  in  size  fi-om 
the  Aeronca  with  a  chord  of  4  feet  to  the  XB-IS  with  a  chord  of 
•  18  feet,  it  majbe  seen  that  the  gradient  distances  in  chords  uend 
to  fall  within  a  band  and  increase  somewhat  as  gust  intensity 
increases.  The  curve  in  the  figure  was  drawn  to  agree  best  with 
the  XC-35  data  which  is  considered  the  most  extensive  sample.  In 
view  of  the  large  variation  in  the  size  of  the  airplanes,  it  io 
felt  that  the  relation  provides  a  suitable  basis  for  relatiiig  gust 
size  to  airplane  size. 
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other  characteristics  of  gusts  not  illustrated  in  figure  6 
are  that,  on  the  average,  the  velocity  components  in  the  three 
directions  are  the  samf' •  In  addition,  gusts  are  randomly  dis¬ 
tributed  according  to  size  and  intensity  in  any  stretch  of  rough 
air.  While  an  individual  gust  can  have  any  conceivable  shape, 
both  in  the  longitudinal  and  spanwise  directions,  a  shape  as  vas 
shown  in  the  first  figure  is  generally  assumed  in  treating  large 
masses  of  data.  The  number  of  gusts  and  their  intensities  vary 
with  the  weather  encountered,  and  so  far  as  is  known,  the  number 
would  decrease  w.th  altitude. 

The  second  part  of  the  problem  of  repeated  gust  loads,  which 
relates  to  the  influence  of  air^Jlane  characteristics  on  the  loads, 
will  now  be  discussed  Poz'  the  ideal  case  given  by  the  gust  equa* 
tion  (fig.  l),  alrj)lrjie  characteristics  were  reprosentad  simply  by 
the  K  factor,  slope  of  the  lift  cm've,  and  wing  loading.  In  the 
actual  case,  the  loads  are  influenced  by  many  other  factors. 

One  of  these  factors  is  the  potential  effect  of  variations  .n 
piloting  tectinique  on  the  loads  during  flight  in  gusty  air.  Some 
special  teats  on  the  effect  of  piloting  technique  on  gust  loads 
indicate  thau  the  loads  may  be  increased  from  5  to  20  percent  if 
the  pilot  attempts  to  correct  for  all  the  disturbed  motions  of  the 
airplane  in  rough  air  rather  than  correcting  for  only  the  major 
dlstui’bances . 

Another  factor  is  the  effect  of  center  of  gravity  location 
on  gust  loads-  Both  analytical  and  experimental  work  have  indi¬ 
cated  that  the  gust  loads  are  decreased  by  about  2  percent  for 
each  one  percent  forward  shift  of  the  center  of  gravity. 

The  factoi-  in  gust  response  of  airplanes  that  has  probably 
received  the  most  attention  recently  is  the  effect  of  airplane 
elasticity  on  the  loads  and  stresses.  It  is  well  known  that  under 
transient  conditions,  vibrations  of  the  structure  can  cause  higher 
stresses  than  would  be  obtained  from  the  same  load  applied  under 
static  conditions.  Data  on  the  magnitude  of  these  .vibrational 
effects  were  recently  obtained  from  sti’ain  gages  and  accelero¬ 
meters  momted  at  the  centei’  of  gi’avity  and  at  different  points 
along  the  wing  span  of  a  modem  transport  airplane  (reference  5). 

Records  taken  In  rough  air  showed  dynamic  response  effects 
by  vibrations  from  the  wing  on  the  records-  Figure  7  presents 
some  of  the  acceleration  data  as  an  Indication  of  these  effects, 
which  are  borne  out  by  the  stress  measurements  as  well.  In 
figure  7  peak  acceleration  for  individual  gusts  as  measizred  at 
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the  center  of  gi'avlty  of  tho  airplane  -is  plotted  as  the  ordinfite* 
The  accelerations  at  the  wing  nodal  points  were  found  tc  he  free 
from,  the  effects  of  primary  vibrations.  Tnese  values  wore  taken 
as  a  measui'e  of  the  applied  load  and  are  plotted  as  the  abscissa. 

Inspection  of  figuro  7  indicates  that  local  acceleraticns  at 
the  center  of  gi'avity  were  higlier  than  the  nodal -point  accelera¬ 
tions  by  about  20  percent  or  more.  This  amplification  of  the 
Center  of  gravity  measurements  due  to  wing  vibrations  gives  evi¬ 
dence  of  significant  dynamic  response  effects  for  modern  airplanes 
These  effects  of  tho  wing  vibrating  when  leads  are  rapidly  applied 
are  contin-ually  being  investigated. 

The  final  part  of  the  repeated  loads  problem  is  concerned 
with  the  influence  cf  operating  conditions  on  the  loads ^  It  is 
evident  that  the  operating  condit-iono,  such  as  weather  encountered 
or  route  flown,  determine  the  gusts  that  are  enco’jntered .  It  is 
also  evident  that  the  loads  i'rom  these  gusts  depend  on  other  opera 
ting  variables,  such  as  flight  speed.  With  the  use  of  different 
typos  of  equipment  by  the  airlines  on  different  routes  many  combi - 
ixations  of  operating  variables  caia  exist.  Because  the  gusts  and 
leads  ai’e  influenced  hy  t^  ese  variables,  isolated  research  i'l.ight3 
cannot  be  expected  to  produce  data  that  can  be  generalized.  The 
only  method  of  obtaining  statistically  reliable  ini’ormation  on  the 
repeated  loads  actu9.11y  experienced  by  the  airplane  is  the  collec- 
t.’on  of  data  from  service  airplanes. 

Those  data  are  collected  with  the  V-G  and  PGH  recorders, 
which  have  been  described.  In  order  to  illustrate  how  some  of 
these  records  are  considered,  take'  another  portion  of  a  VGH 
record.  In  this  record  (fig.  8)  tho  airspeed  and  altitude 
traces  have-  been  deleted  eind  the  record  has  been  enlarged  so  that 
many  of  the  Individual  accelerations  can  bo  seen.  Much  of  the 
detail  has  been  lost,  but  it  can  be  seen  that  the  record  consists 
of  a  random  aeries  of  positive  and  negative  accelerations  of 
different  magiitudes.  When  these  peaks  are  evaluated  for  effec¬ 
tive  gust  velocities,  the  gust  history  of  the  airplane  is  there¬ 
fore  a  series  of  gusts  of  difierent  intensities.  Th-j  first  stop 
in  obtaining  some  sort  of  a  picture  of  this  series  of  gusts  is 
to  count  the  number  of  gusts  that  have  given  intensities  Thus, 
for  a  given  record  there  might  be  a  hundred  small  gusts,  below  a 
quarter  g  increment,  that- are  in  the  solid  black  regions,  ^nd 
only  a  few  of  the  large  values  over  l/2  g  increment^  Actually, 
the  count  is  made  to  a  finer  division  of  gust  intensities,  and 
if  these  numbers  are  plotted,  a  frequency  dis  ribution  is  obtained 
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This  type  o.’  count  has  been  used  to  determine  difi'erences  in  the 
Cust  experience  for  different  typos  of  operations,  for  Instance  in* 
comparing  high-  and  low^altltude  flights- 

Since  a  count  of  the  gust  velocities,  such  as  tliat  described, 
shows  that  small  gusts  are  much  more  frequent  than  those  cf  large 
value,  the  average  number  of  miles  flown  foi-  the  occurrence  of  a 
small  gust  is  low  as  compared  to  the  average  number  of  miles  before 
a  large  gust  is  to  be  expected.  Uoing  this  concept  of  average 
miles  flow  before  given  gust  values  would  be  expected,  the  fre¬ 
quency  distributions  are  transformed  into  what  are  called  miles-to- 
exceed  curves  to  give  an  indication  of  the  loads.  Typical  examples 
ol’  these  curves  for  spec'al  research  flights  in  such  conditions  as 
thunderstorms  and  low-level  clear-air  turbulence  are  shown  in 
fi;gure  a. 

• 

For  these  curves  gust  velocities  are  plotted  as  the  ordinate, 
and  the  logarithmic  scoixe  o:  the  abscissa  represents  the  average 
number  of  miles  that  wr^'M  be  flotffi  before  gusts  of  given  inten¬ 
sities  would  be  encountered.  The  plot  may  be  considered  as  repre¬ 
senting  tlie  chance  of  encountering  different  gust  intensities  in 
terms  of  miles  of  flight.  The  plot  has  no  significance  as  to  the 
order  in  which  dlfi'erent  gusts  may  be  encountered  and  does  not 
imply  that  for  the  thunderstorm  sample  a  16 -f eet -per -seconA  gust 
was  measured  in  the  10th  mile  or  a  24 -feet -per -second  gust  in  the 
100th  mile.  In  fact,  the  24 -feet -per -second  gust  ml^t  have  been 
experienced  in  the  first  mile.  The  mileage  scale  represents  only 
the  liklihood  of  tiiat  gust  being  encountered. 

The  curve  shown  in  figui’e  9  for  transport  operation  in  rough 
air  represents  a  combination  of  distributions  for  all  types  of 
weather  since  commercial  airplanes  fly  under  all  combinations  of 
weather.  The  ti'ansport  curve  may  thus  represent'  2 -percent  thun¬ 
derstorm  flight,  30  percent  clear  air  turbulence,  20 -percent 
stratus  clouds,  etc*  It  has  not  been  found  possible,  however,  to 
define  given  operations  by  the  proportion  of  time  spent  under 
various  weather  conditions,  and  in  order  to  obtain  the  required 
loads  data,  it  is  necessary  to  take  the  measurements  during  flight 
of  commercial  transport  airplanes. 

In  summary,  the  repeated  gust  loads  problem  embraces  different 
aspects  of  the  characteristics  of  atmospheric  gusts,  airplane 
reaction  to  these  gusts,  and  incidence  of  gusts  encountered  in 
various  types  of  operation.  Information  obtained  to  date  has  been 
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the  haGis  for  much  of  the  current  gust -load  requirements,  although 
ch^ges  in  airplane  design  and  opei-ation  conditions  ai'e  accom]mivied 
hy  many  new  gust  load  problems.  Continued  research,  particularly 
in  reference  to  higher  operating  altitudes,  is  in  progress. 
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Figure  1.  -  Simple  gust  concepts. 
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Figure  2.  -  Record  from  NACA  recording  accelerometer. 
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Figure  5.  -  Record  from  NACA  VGH  recorder. 
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Figure  6.  -  Sample  of  gust  structure  data. 


Figure  7.  -  Dynamic  response  effects. 
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Figure  8.  -  Enlarged  VGH  accelerometer  record. 
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Figure  9.  -  Gust  velocity  frequency  distributions. 
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ATMOSPHERIC  TURBULENCE  AND  ITS  EFFECT 
ON  AIRCRAFT  OPERATION 

3.  •  GUST  LOAD  EXPERIENCE  IN  TRANSPORT  OPERATIONS 
By  John  R.  WeatfaTl  and  Roy  Steiner 
I-angley  Aeronautical  Laboratory 


In  the  flight  operation  of  transport  aircraft,  atmospheric  gusts 
constitute  a  principal  source  of  loads.  These  leads  might  he,  for  con¬ 
venience,  put  into  two  main  categories:  one  is  the  large  hut  relatively 
Infrequent  load  which  may  cause  structural  damage  or  failure  hy  a  single 
application.  The  other  is  a  smaller  load  which,  in  Itself,  will  not 
cause  failure,  hut  because  of  its  greater  frequency'  of  occurrence, 
affects  airplane  fatigue  life  and  passenger  coTsfort.  A  knarfledge  of  the 
magnitude  and  frequency  of  both  types  of  loads  and  of  the  factors  which 
Influence  tbem^  is  of  concern  to  the  airline  operator. 

The  number  and  Intensity  of  gust  loads  imposed  on  an  airplane  is 
Influenced  hy  certain  operating  conditions  and  practices  such  as  airspeed, 
altitudes  flo\jn,  route,  and  season.  The  best  way  known  to  obtain  data  on 
the  effects  of  these  factors  is  to  measure  the  loads  and  associated  oper¬ 
ating  conditions  on  airplanes  in  routine  commercial  flights.  To  do  this, 
the  NACA  utilizes  two  Instruments,  the  V-G  recorder  and  the  VGH  recorder. 
It  Is  impossible  to  predict  the  gust  loads  experience  of  any  given  air¬ 
plane  on  an  absolute  or  precise  basis  since  in  transport  operations  there 
exist  a  great  many  possible  combinations  of  gust  intensity,  frequency, 
and  sequence,  airplane  speed,  altitude,  terrain  effects,  and  so  forth. 

An  airplane's  gust  load  exT>erience  can  be  predicted,  however,  on  a  sta¬ 
tistical  or  average  nrobabllity  basis. 

Where  statistics  are  involved  one  question  that  Immediately  arises 
concerns  the  amount  of  data  necessary  to  achieve  a  desired  accuracy  of 
reliability.  The  answer  ’o  that  question,  of  course,  largely  determines 
the  sample  size  to  be  taken  and  scope  of  the  programs  of  V-G  and  VGH  rec¬ 
ord  collection.  In  statistical  analysis,  the  reliability  of  the  results 
depends  primarily  on  the  number  of  measurements.  In  any  sample  of  gust 
loads  data,  the  number  of  measurements  of  different  values  of  acceleration 
may  vary  unduly,  as  Illustrated  by  figure  1.  These  data  were  obtained 
from  about  700  hours  of  VGH  records  from  one  set  of  operations.  The  num¬ 
ber  of  accelerations  of  a  given  value  Is  the  ordinate,  plotted  on  a  log¬ 
arithmic  scale,  and  the  magnitude  of  acceleration  Increment,  In  g  units, 
is  the  abscissa.  A  value  of  0,3g  was  taken  as  the  reading  threshold 
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because  smaller  values  were  hard  to  read  from  the  cramped  time  scale  of 
the  VGH  records  so  that  the  count  of  the  smaller  values  of  acceleration 
probably  would  be  Inaccui'ate.  It  Is  evident  that  the  frequency  of  occur¬ 
rence  decreases  drastically  as  wo  go  from  0.3g  to  the  higher  values  of 
loading.  For  example,  there  are  some  14,000  accelerations  of  O.'^g,  but 
only  about  iiOO  of  O.Og.  and  only  equal  to  l.Og.  It  Is  apparent  there¬ 
fore  that  with  so  few  points  the  reliability  of  the  data  for  the  higher 
values  of  acceleration  la  much  less  than  that  for  the  smaller  values. 
Aaaime  It  Is  desired  to  determine  the  loads  which  the  airplane  will  expe¬ 
rience,  over  a  rar.ge  of  accelerations  from  0.3g  up  to  the  limit  load  fac¬ 
tor  Increment  (1.5  to  2g) .  If  a  reliability  of  the  distribution  of  the 
largo  loadings  comparable  to  that  given  by  14.000  readings  at  0,3g  were 
desired,  it  would  require  about  70,000  hours  of  data  from  each  route  or 
set  of  operations  instead  of  700. 

It  is  not  necessary,  however,  to  collect  and  ar^alyze  such  large 
masses  of  VG-H  data  to  obtain  a  complete  distribution  of  gust  loads  for  any 
set  of  operations.  A  more  practical  method  is  to  supplement  a  moderate 
amount  of  VCrH  data  with  large  quantities  of  V-G  data,  which  are  relatively 
simple  to  obtain  and  analyze.  The  method  of  combining  VGE  and  V-G  data 
to  yield  the  gust  loads  distribution  is  shown  in  figure  2.  Acceleration 
increment  in  terms  of  g  is  plotted  as  the  ordinate,  and  the  nuraber  of 
miles  which  must  be  flown  to  encounter  a  given  value  of  acceleration 
Increment  la  the  abscissa,  plotted  on  a  logarithmic  scale.  It  should  be 
pointed  out  that  each  symbol  does  not  necessarily  represent  a  single  meas¬ 
urement  but  rather  represents  a  single  point  on  a  frequency  distribution 
curve  such  as  shown  In  figure  1.  In  other  words,  each  symbol  may  repre¬ 
sent  a  few  or  a  great  many  measurements.  The  VGH  data,  shown  by  the  cir¬ 
cles,  were  obtained  from  about  1^0,000  miles  of  flight,  which  Is  believed 
to  be  adequate  to  give  the  desired  reliability  over  the  lower  part  of  the 
curve,' up  to  values  of  say  0.8  or  0.9g.  At  higher  g's,  the  number  of 
measurements  from  the  VGH  data  Is  too  small  to  give  the  desired  reliabil¬ 
ity.  The  V-G  data,  shown  by  the  squares,  were  obtained  from  about 
8,000,000  miles  of  flight.  The  reliability  of  the  V-G  data  Is  likewise 
hot  too  good  In  the  region  of  intermediate  values  of  g,  since  while  these 
values  may  stand  out  as  peaks  on  some  records,  they  will  be  obscured  on 
others  by  the  superimposing  of  larger  loads  at  the  same  airspeed  and 
hence  the  count  is  l-'keiy  to  he  too  small.  The  higher  values  of  load, 
say  above  1.5g,  are  not  likely  to  be  obscured  in  the  V-G  envelope,  so 
that  the  count  of  those  values  is  good.  At  the  extreme  upper  end  of  the 
curve  Phere  the  number  of  loads  Is  small,  there  may  be  some  deviation 
from  the  general  pattern  of  the  distribution,  as  illustrated  by  this 
point  which  is  a  single  maximum  load.  While  such  points  are  true  values, 
they  cannot  be  jgiveh  as  much  weight  In  fairing  the  curve  as  others  which 
occur  more  frequently. 
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Data  such  as  these  are  of  value  In  many  respects.  As  has  already 
been  pointed  out,  tlie  Information  they  give  with  regard  to  repeated  loads 
has  a  hearing  on  the  fatigue  problem.  Even  though  It  Is  not  yet  possible 
to  make  an  accurate  quantitative  analysis  of  the  fatigue  life  of  an  air¬ 
plane,  the  data  permit  studies  of  the  relative  effects  on  fatigue  of 
some  design  and  operating  parameters.  Such  data  can  be  used  to  determine 
the  effect  on  fatigue  life  of  one  Important  operating  variable,  namely, 
speed  In  rougli  air. 

In  figure  3  the  same  data  shown  previously  have  been  transposed  into 
somewhat  different  form.  The  magnitude  of  the  acceleration  increment  is 
the  ordinate,  and  the  number  of  times  a  given  va^ue  of  acceleration  incre¬ 
ment  was  equaled  or  exceeded  la  the  abscissa,  plotted  on  a  logarithmic 
scale.  The  upper  cvirve  represents  the  distribution  of  acceleration 
increments  which  could  be  expected  If  the  airplane  operated  at  normal 
cruising  speed  (in  this  case  200  mph)  at  all  times,  in  rough  air  as  well 
as  smooth.  Prom  well  established  relationships  such  as  those  described 
in  the  preceding  paper  (Part  2),  the  reduction  in  load  and  load  frequency 
for  any  given  reduction  in  airspeed  can  be  calculated.  Results  of  such 
calculations  are  shown  In  the  two  lower  curves.  The  middle  curve  repre¬ 
sents  the  situation  when  the  airspeed  is  reduced  5  percent  in  rough  air, 
or  from  200  mph  to  190  mph.  The  magnitude  of  all  loads  la  reduced  by 
^  percent,  but  the  number  of  loads  of  a  given  magnitude  is  reduced  about 
30  percent.  If  the  speed  is  reduced  by  20  percent,  or  from  200  mph  to 
160  mph,  the  magnitude  of  all  loads  la  reduced  20  percent,  but  the  fre¬ 
quency  is  reduced  80  percent.  Two  apparently  Identical  alrplemes  may 
have  a  difference  of  several  hundred  percent  In  their  respective  fatigue 
lives  -  one  may  have  a  fatigue  life  of  two  years  and  another  a  life  of 
10  or  15  years.  Assume  the  use  of  an  airplane  which  would  have  a  fatigue 
life  of  six  years  if  it  were  operated  at  its  normal  cruising  speed  at  all 
times.  If  the  airspeed  is  reduced  only  5  percent  in  rough  air,  the 
fatigue  life  will  be  increased  from  six  years  to  nearly  eight.  A  speed 
reduction  of  20  percent  in  roufidi  air  ml^t  extend  the  fatigue  life  to 
nearly  30  years. 

Besides  indicating  the  nature  of  the  over -all  frequency  distribution 
of  gust  loads,  VGH  data  disclose  a  number  of  other  important  facts  relat¬ 
ing  to  the  detailed  load  experience  under  actual  operating  conditions. 
Figure  4  presents,  in  tabular  form,  some  of  the  information  that  can  be 
obtained.  The  data  are  from  some  700  hours  of  flight.  The  flight  oper¬ 
ations  have  been  evaluated  in  terms  of  time  spent  in  three  flight  condi¬ 
tions;  climb,  en  route,  and  descent,  and  each  of  these  in  turn  is  sub¬ 
divided  into  smooth  and  rough  air.  Rough  air  was  defined  as  any  portion 
of  the  flight  path  in  which  acceleration  increments  greater  than  i0.3g 
were  encountered.  -The  table  also  shows  the  average  speed  in  rough  and 
smooth  air  for  the  three  flight  conditions,  so  that  the  effectiveness  of 
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speed  reduction  in  terms  of  relative  fatigue  life  can  be  studied.  Other 
information  includes  the  maximum  loads  encountered,  and  the  load 
frefiucncies. 

In  the  lower  table  the  data  are  evaluated  in  terms  of  percent  of 
fligjit  path  for  different  altitude  brackets.  It  can  bo  seen  that  in  this 
particular  sample  the  greater  part  of  the  operations  was  at  altioudes 
less  than  5000  feet  above  terrain,  which  probably  accounts  for  the  rela¬ 
tively  high  percent  of  time  spent  in  rough  air. 

Samples  of  gust  load  freqirencies  available  at  this  time  are  largely 
confined  to  low-altitude  operations  such  as  typified  by  the  data  in  f'^g- 
ure  4.  It  is  of  great  importance  that  similar  samples  be  obtained  for 
operations  at  higher  altitudes,  in  order  that  the  effect  of  altitude  on 
the  gust  loads  exper^'ence  of  present  and  future  hlgh-altltude  transports 
may  be  apuraised.  Designers  have  hoped  that  the  frequency  of  gust  loads 
might  be  substantially  less  at  the  higher  altitudes  tnan  at  tho  lower 
altitudes.  This  seems  like  a  fairly  reasonable  assumutlon  since  at  the 
higher  altitudes  the  airplane  avoids  some  turbulence  associated  with 
convective- type  cloud  formations^  and  also  the  mechanically-generated 
type  of  turhulc-nce  associated  with  surface  winds  and  rough  terrain.  At 
present  there  is  available  only  a  small  sample  of  VOH  data  taken  on  one 
high-altitude  airplane.  The  trends  indicated  by  these  data  should  not, 
therefore,  be  taken  as  well  established.  In  figure  5  altitude  in  thou¬ 
sands  of  feet  is  plotted  against  the  ruamber  of  accelerations  per  100  miles 
of  flight  from  a  sample  of  120  hours  of  VGH  data.  As  can  be  seen,  the 
frequency  of  loads  decreases  rather  markedly  as  the  altitude  increases. 

The  short  section  of  data  at  the  right  is  from  low -altitude  operations 
of  another  airplane  over  roughly  the  same  route,  and  may  be  regarded  as  a 
partial  check  on  the  load  experience  of  the  high-altitude  airplane  when 
it  was  operating  at  the  lower  levels. 

Little  has  been  said  here  about  V-G-  data  other  than  to  point  out 
that  these  lata,  in  effect,  supplement  the  VGH  data  by  providing  fre¬ 
quency  distributions  of  tho  larger  and  less  frequent  gust  loads.  Besides 
thus  extending  the  picture  on  repeated  loads,  the  7-G  data  serve  to  estab¬ 
lish  the  probability  of  occurrence  of  the  large  single  loads  that  may 
cause  failure  of  the  airplane  structure  by  simple  overloading  -  a  type 
of  failure  which  has  nothing  to  do  with  fatigue.  V-G  data  also  show  the 
maximum  speeds  encountered  under  actual  operating  conditions,  which  is  a  ' 
matter  of  considerable  structural  Importance. 

As  with  repeated  loads,  the  probability  of  encountering  sir^gle  largo 
loads  depends  upon  a  number  of  operational  factors,  TTieao  include  route, 
season,  dispatching  practices,  forecasting,  and  piloting  practices, 
especially  speed  reduction  in  rough  a'r  and  circumnavigation  of  large 
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cumulus  clouds.  An  Illustration  of  the  type  of  information  obtained  from 
analysis  of  V-G  records  may  be  of  Interest.  The  difference  in  gust  expe¬ 
rience  for  airplanes  of  the  same  type,  flown  by  the  same  operator  but  over 
different  routes,  a  trans  Pacific  and  a  Caribbean  -  South  American  route 
is  shown  in  figure  R.  tlffectlve  gust  velocity  in  feet  per  per  second  is 
plotted  as  the  ordinate,  and  the  number  of  miles  to  equal  or  exceed  a 
given  value  of  gust  velocity  is  the  abscissa,  plotted  on  a  logarithmic 
scale.  Gust  velocity  instead  of  acceleration  was  used  as  a  criterion  of 
roughness  to  eliminate  any  effects  of  differences  in  operating  speeds  and 
weights.  For  a  given  number  of  miles  flown,  the  Pacific  route  was  less 
rough,  by  about  15  percent.  Analysis  of  data  from  routes  in  various  parts 
of  the  United  States  Indicates  that,  all  things  considered,  there  may  be 
a  difference  of  5  to  10  percent  in  the  gust  loads  experienced  by  airplanes 
flying  in  different  parts  of  the  coiintry. 

In  conclusion,  the  determination  of  both  repeated  gust  loads  and 
single  large  loads  under  actual  operating  conditions  is  of  importance  to 
the  designer  and  the  operator  of  transport  airplanes.  Both  the  V-G 
recorder  and  the  VGH  recorder  are  essential  to  such  load  determinations, 
as  these  Instruments  are  complementary  to  each  other.  Data  collection 
must  be  a  continuing  process,  because  operating  conditions  change  and 
the  loads  experienced  are  affected  to  an  Important  extent  by  these 
changes . 
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Figure.  1  -  Frequency  distribution  of  acceleration  increment  from  700 

hours  of  VGH  records. 
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Figure  2.  -  Method  of  combining  VG  and  VGH  data  to  obtain  complete 

distribution  of  gust  loading. 
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Figure  3.  -  Effect  of  speed  reduction  in  rough  air  on  load  frequency. 


SUMMARY  OF  V6H  DATA  FROM  ONE  AIRLINE  FOR  712  HRS  OF  LOW  ALTITUDE 

OPERATION 


(a)  GUST  LOADS  AND  AIRSPEED  EXPERIENCE 


FLIGHT 

CONDITION 

FLIGHT  DISTANCE 
(MILES) 

PERCENTAGE 
OF  FLIGHT 
RATH  IN 
ROUGH  AIR 

<WG.  INDICATED 
AIRSPEED  (MPH) 

MAX.  An 
{g  UNITS) 

NO.  OF  An's 
>±0.3  g 

NO.  OF  Anis 
2±0.3  9PER 
MILE  OF  ROUGH 
AIR 

ROUGH 

SMOOTH 

ROUGH 

SMOOTH 

CLIMB 

4070 

6999 

36.82 

167.0 

165.2 

+1.38 

1630 

0.3997 

206S6 

72115 

22.29 

204.3 

212.0 

+1.20 

8181 

0.3955 

16463 

21771 

45.69 

190.0 

204.9 

-1.02 

6867 

0.4804 

TOTAL 

43227 

100865 

- 

- 

- 

- 

18678 

- 

AVERAGE 

- 

- 

30.00 

194.0 

2064 

- 

- 

0.4322 

(b)  PERCENTAGE  OF  FLIGHT  PATH  BY  ALTITUDE  ABOVE  TERRAIN 
AND  turbulence  CONDITION  (ALT  X  I05  FT) 


FLIGHT 

CONDITION 

0-5 

5-10 

10-15 

ROUGH 

SMOOTH 

ROUGH 

SMOOTH 

ROUGH 

SMOOTH 

CLIMB 

2.63 

4.14 

0.19 

0.72 

- 

- 

ENROUTE 

9.39 

26.93 

4.97 

23.07 

0.03 

0.02 

DESCENT 

11.69 

12.95 

I.M 

2.15 

- 

0.01 

TOTAL 

23.71 

44.02 

6.27 

25.94 

0.03 

0.03 

Figure  4 
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Figure  5.  -  Variation  of  gust  load  frequency  with  altitude 
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THE  DETECTION  AND  FOEEC/iSTING  OP  TURBULENCE 


By  James  K,  Thompson 
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ATMOSPHERIC  TURBUL]®CE  AID  ITS  EF7F.CT  ON  AIRCRAFT  OPERATION 
4.  TEE  DETECTION  AND  >'OEECASTING  OF  TTJRBULEIICE 
By  James  K.  Thompson 
Langley  Aeronautical  Laboratory 

Previous  papers  have  discussed  the  problem  of  repeated  gi.ist  loads 
and  have  indicated  that  satisfactory  methods  for  reducing  the  gust-load 
experience  of  t)ie  airplane  are  desirable  for  both  future  and  present 
transport  operations.  One  method  of  reducing  gust-load  experience  of  the 
airplane  is  through  choice  of  a  flight  altitude  and  path  that  vill  avoid 
turbulent  regions.  Tlie  methods  considered  here  are  the  prediction  and 
detection  of  the  location  and  intensity  of  regions  of  atmospheric- 
turbulence  . 

Althougli  methods  for  predicting  the  location  end  intensity  of  atmos¬ 
pheric  turbulence  have  been  studied  for  many  years,  little  success  has 
been  obtained  because  of  the  complicated  nature  of  physical  processes  in 
the  free  atmosphere.  The  meterologist  usually  simplifies  t];e  problem  by 
treating  the  intensity  of  tiirbulence  according  to  the  predominate  eource 
of  energy.  Thunderstorm  turbulence  for  example,  is  usually  analyzed 
according  to  some  measure  of  the  buoyant  forces  vithxn  the  storm.  The 
methods  of  prediction  now  available  are  simple  empirical  relat'ons  based 
on  observations  of  turbulence  intensity  and  meterologiccl  factors. 
Although  the  methods  do  not  permit  precise  forecasts  of  both  the  location 
and  intensity  of  atmospheric  turbulence,  they  do  provide  some  estimate 
of  the  intensity  of  turbulence  that  may  be  encountered  by  airplanes 
operating  in  the  region  of  thunderstorm  activity  or  at  low  altitudes  in 
clear  air. 

Low-level  clear-a-!r  turbulence  is  seldom  critical  from  the  stand¬ 
point  of  single  excessive  gust  loads.  Such  turbulence  is  significant, 
however,  to  the  fatigue  life  of  the  airplane  and  to  passenger  comfort. 
This  clear-air  turbulence  is  associated  with  atraosxjheric  flow  over  the 
earth's  svirface  and  is  located  in  a  layer  usually  extending  to  an  alti¬ 
tude  of  about  four  thousand  feet.  Data  obtained  from  a  I’ecent  flight 
investigation  in  Ohio  have  been  utilized  by  RACA  to  continue  past  studies 
of  the  gust  experience  of  aii’plunes  operating  in  this  turbulent  layer. 

One  of  the  quantities  examined  in  the  study  was  the  product  of  totel 
solar  heating  received  on  a  unit  horizontal  surface  during  the  flight 
day  and  average  wind  shear.  Wind  shear  is  defined  here  as  the  rate  of 
change  with  altitude  of  wind  direction  and  velocity  in  the  turbulent 
layer.  The  product  of  those  two  variables  was  found  to  yield  reliable 
estimates  of  the  gust  experience  of  an  airplane  operating  at  low  alti¬ 
tudes  under  certain  conditions. 


REETRICTED 


A  measure  of  observed  gust  experience  ns  a  function  of  t>iis  index 
of  clear  air  turbulence  is  shown  in  flgiure  1.  TU'?  ordinaLe  is  r'.:C' 
velocity  a'ud  the  abscissa  (turbulence  index)  is  the  product  of  wind  shear 
and  solar  heating.  Each  of  the  points  represent  one  of  tuonty- three 
flights  made  by  the  airplane  during  sjjriiig,  fail,  and  winter  seascns. 

The  solid  line  represents  the  1-ine  of  best  fit  determ.nod  bj  u  method  of 
least  squares  a.'d  the  dashed  lines  define  the  er  'Oi'  band.  About  two 
thirds  of  the  observations  may  he  expoc-'.  .d  'o  full  between  these  error 
bands . 


The  figure  shows  that  the  average  muximi'.n  effective  gu.st  velociiy 
per  mile  of  flight  was  usually  determined  within  less  tlian  one  foot  per 
second  and  that  the  meteoroicgical  index  of  turbulence  intensity  is 
related  to  the  g’rst  experience  of  the  airplane  for  the  tost  oorditions. 
The  relation  has  been  obtained  emp-' ricai; y  and  cirecn  application  of  ti.e 
results  to  other  regions  is  not  vairantcd.  The  valu.c-  of  the  iv.dex  for 
other  localities  is  for  "die  ].jrpose  of  e.stimat iri_,  the  roi.ative  intensity 
of  low-level  clear-air  turbulence  tinder  certain  conditions. 


The  index  may  be  used  to  best  advantage  in  connection  with  studies 
of  airplane  behavior  if  flights  arc  to  be  made  in  clear  air  at  low  alti¬ 
tudes  and  over  a  given  route  or  area.  For  this  tjqDe  of  an  investigation, 
the  index  has  enabled  EacA  engineers  to  determine  if  the  prevailing  tur¬ 
bulence  is  apt  to  be  st.ffic  iently  intense  to  warrant  preparation  for 
test  operations.  Further  •nvestigationE  are  required  before  meteorolog¬ 
ical  predictions  may  be  utilized  to  enable  any  significant  reduction  in 
the  gust  experience  of  the  transport  airplane. 

Largs  cumulus  and  thunderstorm  clouds  represent  an  important  source 
of  intense  atmospheric  turbulence.  Tiie  clouds  may  form  randomly  through¬ 
out  an  air  mass  or  in  lines  along  frontal  zones.  Gust  velocities  greater 
than,  those  for  which  transport  airplanes  are  designed  arc  known  to  occur 
in  these  regions . 

The  results  obtained  from  an  investigation  of  a  method  for  pre¬ 
dicting  maximum  effective  gust  velocity  .n  thunderstorms  are  prc.scnted 
in  figure  2.  Tiie  ordinate  is  the  maximum  effective  gust  velocity 
encountered  by  an  airplane  during  a  large  immber  of  flights  through  a 
thunderstorm.  The  abscissa  is  the  predicted  maxinum  relative  horizontal 
temperature  difference  between  the  warmest  and  coldest  air  of  the 
thunderstorm.  The  points  represent  twenty-nine  thunderstorms  thfit  wore 
investigated.  The  solid  line  is  again  the  line  of  best  fit  determined 
by  a  method  of  least  squares  and  the  dashed  lines  define  the  error  band. 


The  index  of  thunderstorm  turbulence  is  aTu  arently  related  to  tlie 
maximum  gust  intensity  of  the  thunderstorms.  The  error  band  shows  that 
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the  mox:nura  effective  gust  velocity  is  usui.lly  predicted  within  about 
f-ve  feet  prr  recond.  Although  +.he  quality  of  'l.c  relation  i.s  not  I's 
got  d  fis  lltui  of  f  igure  1  ,  tiio  index  has  been  determinGd  fi’cm  dntc  that 
■would  be  QvciilQblo  to  f  ield  perconnol  for  mnhing  bho  flight  forocaRt. 

A  part  of  tlie  cr”or  is  obviously  connected  with  errors  in  forecasting 
tlic  '.omperature  difference  in  Llie  coorw.  The  errors  are  representative 
therefere  of  those  that  would  bo  made  by  a  forecaster.  This  index  of 
tliundcr-storm  t.uibnlenco  represents  one  step  in  the  development  of  u 
method  for  determining  if  gust  velocities  greeter  than  that  for  which 
the  a.rplano  was  designed  ore  likely  to  bo  present  in  the  storm.  It 
does  not  however,  attempt,  to  predict  the  intensity  of  turbulence  that 
will  actually  be  encountered  on  any  single  flight  through  the 
thunderstorm. 


A  reduction  of  tho  gust  experience  of  the  airplane  may  also  be 
obtained  by  utilizing  devices  for  detecting  the  location  of  regions  of 
atmospheric  turbulence.  Of  the  methods  investigated  by  different 
agencies,  radar  probably  holds  the  only  reasonable  chance  of  success 
in  the  immediate  futu'ce.  Ead.ur  is  not  a  true  detector  of  turbulence 
however,  and  its  use  depends  upon  tho  existence  of  relations  between 
turbulence  and  the  water  content  of  clouds. 


Ihe  10- cent i me ter  ground  radar,  the  3-centlmotor  airborne  radar, 
and  the  w-centirac :or  airborne  radcr  with  an  attachment  for  indicating 
area.s  of  light  and  of  heavy  rnln,  have  been  Invectigatod  for  possible 
use  in  detecting  the  tui-bulcnt  regions  of  Ibundorntoaons .  .  The  Investi¬ 
gations  represent  the  cooperative  work  of  tho  Navy,  Air  Force,  American 
AnlineB,and  NACA.  'ibo  results  of  these  Lnvostigotions  may  bo  more 
easily  discussed  if  some  elements  of  thunderstorm  structure  and  radar 
principles  are  first  considered.  An  outline  of  the  rain  core  and  visible 
cloud  of  a  largo  thunderstorm  Is  shown  in  figure  3.  Tlio  hatched  area 
represents  the  rain  core  of  tho  storm  and  tho  white  area  represents 
portions  of  tho  storm  in  which  tho  water  content  is  low  and  the  drops 
aru  small.  A  projection  of  tho  horizontal  area  of  tho  rain  core  onto  the 
earth's  surface  is  also  shown. 

Tho  rain  core  of  a  thunderstorm  such  as  ';hi.a  contains  a  nultitudu 
of  tiny  reflecting  surfaces  and  may  bo  considered  as  an  echo  source. 

A  portion  of  a  radar  signal  directed  into  the  storm  from  some 
po.sJt'oa  will  be  reflected  os  on  oclio  to  the  rodiu-  set  Tho  dtrcct^'on 
and  distancL!  from  the  radar  sot  te  the  reflecting  suri'acec  are  presented 
by  tho  radar  in  a  form  that  mny  be  utilized  to  locate  the  rain  core  of 
tho  thunderstorm. 
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The  10- centimeter  ground  radar  has  been  examined  for  use  in 
detecting  regions  of  thunderstorm  turbulence  by  means  of  data  obtained 
from  thunderstorm  investigations  conducted  in  Fiorina  and  Ohio.  The 
data  x^ero  analyzed  for  differences  between  the  gust  experience  of 
airplanes  operating  within  the  indicated  storm  area  and  at  distanr'‘s 
of  2  to  5  miles  from  the  indicated  area  of  thunderstorm  activity.  Th'C 
gust  experience  cf  airplanes  operating  within  the  2-  and  5-mile  limits 
was  assumed  to  be  indicative  of  txirbulence  intensities  in  clear  air 
near  the  thunderston* . 

Some  results  of  this  analysis  are  presented  in  figure  4.  Ti^c 
ordinate  is  effective  gust  velocity  and  the  abscissa  is  average  roiljs 
flown  to  experience  g-^von  effective  gust  velocities.  The  lower  line 
represents  the  gust  experience  of  airplanes  operating  in  clear  air  ncai’ 
the  storm.  The  upper  line  represents  the  gust  experience  of  airplanes 
operating  within  the  area  giving  a  radar  echo. 

The  gufct  velocities  encountered  in  the  indicated  area  of  thunder¬ 
storm  activity  are  in  all  cases  greater  than  those  encountered  daring 
equivalent  distances  of  flight  outside  tlje  storm.  For  example,  an 
effective  gust  velocity  of  about  50  feet  per  second  was  encountered,  on 
the  average,  once  during  every  100  miles  of  flight  in  areas  giving  a 
radar  echo.  A  gust  velocity  of  only  aboxit  20  feet  per  second  was 
obtained  however,  for  equal  distances  of  flight  in  clear  air  near  the 
storm.  This  represents  a  substantial  difference  in  gust  experience, 
and  indicates  that  the  ground  radar  sot  is  ^f  value  as  a  supplement  to 
pilot  judgment  in  avoiding  regions  of  intense  thunderstorm  turbulence. 

The  10-contimetcr  ground  radar  lacks  mobility  and  can  cover  only  a 
limited  area  about  the  location  of  tlie  radar  set.  The  equipment  also 
lacks  the  ability  to  define  the  altit\)do  at  which  the  turbulence  exists. 
The  instrument  indicates  the  distance  and  the  horizontal  direction  from 
the  radar  set  to  reflecting  surfaces,  which  may  be  at  altitudes  of  5  to 
20  thousand  feet.  Some  implications  of  these  characteristics  of  ground 
radar  are  shown  in  figure  5.  Ground  radar  would  indJ cate  an  area  of 
thunderstorm  activity  similar  to  the  ground  projection  of  the  rain  core. 
An  airplane  flying  above  this  groxmd  projection  of  the  indicated  area  of 
thunderstorm  activity  may  actually  be  in  clear  air  outside  the  storm. 

Airborne  radar  is  superior  to  ground  radar  in  that  its  beam  or 
signal  does  not  intercept  the  entire  storm.  Airborne  radar  indicates 
only  the  horizontal  extent  of  the  storm  in  a  layer  about  2000  feet  thick 
at  the  flight  altitude.  5 or  storms  such  as  this,  airborne  radar  would 
detect  the  altitude  differences  in  horizontal  area  of  the  rain  core. 

The  area  of  the  rain  core  is  presented  therefore  in  a  form  that  is 
particularly  advantageous  for  turbulence  detection.  Tlie  relations 
between  areas  of  thunderstorm  turbulence  and  airborne-radar  indications 
of  regions  of  thunderstorm  activity  have  been  investigated  for  the 
standard  3-centimeter  radar  and  a  3-centimeter  airborne  radar  set 
modified  to  indicate  areas  of  light  and  heavy  rain. 


25 


Rome  result-s  obtained  from  fliglits  with  the  standard  airborne 
radar  arc  shown  in  figure  5.  xhe  dace  are  presented  on  a  mileage  basis 
as  before.  The  gust  experience  of  the  airplane  is  shovn’.  for  flights 
within  the  region  of  clouds  giving  a  radar  echo,  in  the  cloud  but  not 
in  the  region  giving  an  echo,  and  in  the  clear  air  near  the  clouds. 

It  may  bo  noted  that  the  results  agree  with  those  for  ground  radar  and 
show  that  those  areas  of  clouds  giving  a  radar  echo  con'^ain  the  more 
severe  turbulence.  Tiie  gust  velocities  are  lov;er  than  those  indicated 
in  figure  4,  however,  inasmuch  as  the  clouds  investigated  with  airborne 
radar  were  large  cumulus  clouds  bu.t  not  necessari.ly  thunderstorm  clouds. 
It  may  also  be  noted  'hat  tl.e  large  gust  vulocities  are  sometimes 
encountered  in  clouds  not  giving  radar  echos.  Some  clouds  or  portions 
of  clouds  contain  large  gust  velocities  but  have  too  small  a  water 
content  to  be  detected  by  radar.  Tliis  is  especially  true  of  small 
building  cumulus  clouds  such  as  are  represented  by  the  greater  portions 
of  this  data.  Although  the  standra-d  radar  sets  enable  u  significant 
reduction  of  gust  eypericnco,  the  instrumentation  does  not  detect  all 
regions  of  intense  turbulence.  It  is  also  iraown  that  very  little 
turbulence  is  encountered  in  some  parts  of  the  areas  giving  a  / 
echo. 


If  the  flight  must  pass  through  a  front  or  squall  line,  it  is 
desirable  to  detect  tl.e  smoothest  possible  flight  path  through  the  area. 
The  standard  airborne  and  ground  radar  sets  are  unable  to  detect  the 
smooth  and  rough  portions  of  the  rain  core.  An  attachment  for  indicating 
areas  of  light  and  heavy  rain  offers  the  most  promising  method  for 
enabling  airborne  radar  to  perform  this  tash.  The  device  makes  use  of 
variations  in  the  strength  of  the  return  si, -ml  or  echo  as  it  is  usually 
called.  Since  the  strength  of  the  echo  depends  upon  the  number  and  size 
of  water  droplets  in  the  cloud,  the  attachment  may  be  utilized  to  block 
or  erase  the  stronger  signals  received  from  areas  of  heavy  rain. 

An  example  of  this  type  of  pi'esentation  is  shown  in  figure  6.  The 
photograph  shows  the  usual  radar  method  of  presenting  the  indicated 
area  of  the  rain  core.  The  dark  area  repre.scnts  the  area  of  no  rain 
surrounding  the  cloud.  The  white  poi'tion  of  the  slide  represent  the 
areas  of  light  •f’ain,  and  the  circles  are  the  rungo  marks.  The  white  dot 
in  the  very  center  reijre^ents  the  location  of  the  airplane  at  the  time 
of  the  photograph.  The  sign'  l  has  been  ro\vj:ic>'<iLy  erased  in  this 
portion  of  the  storm  whore  the  heavy  ram  is  uc^  u".  ’i-;. 

The  enlarged  inner  portion  of  figure  6  is  presented  in  figiire  7, 
with  the  airplane  position  indication  removed.  The  circle  is  the 
10-mi le-'^ange  mark  and  within  it  is  the  enlarged,  presentation  of  the 
areas  of  ho  rain,  light  rain,  and  heavy  rain.  The  interesting  feature 
of  this  form  of  presentation  is  the  variation  of  distances  between  areas 


of  no  ra?‘n  and  hoevy  raJn.  In  o.io  po;  of  the  etona,  the  contour 
Indicating  the  beginning' of  light  rain  is  v<jry  nijar  the  coVtoci 
indicating  the  b:)gi:viiing  of  heavy  ram.  In  ether  portionc  oi  the 
sterra  the  distance  i-'otveen  these  eano  contours,  the  contour  spacing  a& 
it  IS  usually  called,  is  several  times  as  great. 

Greatt^r  shearing  stresses  are  generally  associated  with  the  regions 
of  thundersto'*'ms  having  a  rapid  rote  of  change  from  no  rain  to  he.;r-7/ 
rain.  It  would  appear  reasonable,  therefore,  to  expect  more  intense 
turbulence  in  the  region  of  narrow  contour  spacing  than  in  the  region 
of  wide  contour  spac'ng.  Available  data  have  therefore  been  oniilyeed 
to  detennine  if  airborne  radar  with  the  contour  attachments  is  of  nay 
assistance  in  locating  the  areas  of  light  and  heavy  turbulence  in  regions 
of  clouds  giving  a  radar  echo. 

Some  results  obtained  from  this  analysis  are  presented  in  figure  8. 
The  ordinace  is  ehe  average  ni\mber  of  foists  greater  than  10  feet  per 
second  encountered  in  each  mile  of  flight  for  contours  of  a  given 
distance.  The  abscissa  is  the  distance  between  contours  and  the  points 
represent  the  average  number  of  gusts  per  mile  for  various  contour 
spacings.  The  curve  through  the  points  indicates  a  rapid  decrease  in 
the  number  of  gusts  per  mile  as  spacing  between  contours  increases.  These 
data  would  indicate  that  a  substantial  reduction  of  gust  experience  may 
bo  obtained  by  avoiding  regions  having  a  rapid  rate  of  change  of  rain 
intensity.  The  data  would  indicate  that  the  3-centimoter  airborne  raddr 
with  the  contour  attachment  is  apparently  of  value  as  a  supplement  to 
pilot  judgment  in  choosing  the  smoothest  flight  path  through  the  front 
or  squall  lino  where  the  pilot  has  no  opportunity  to  avoid  the  entire 
area  of  the  rain  core. 

The  data  shown  would  indicate  that  areas  of  intense  precipitation 
and  turbulence  are  associated  and  that  severe  turbu-.f.rioe  exists  in 
regions  containing  a  rapid  change  from  no  rain  to  heavy  rain.  These  same 
areas  are  considered  by  some  meteorologists  to  be  most  favorable  for  the 
formation  of  hail.  Since  hail  is  sometimes  the  cause  of  severe  damage  to 
airplanes ;  it  is  also  dcsirabi.e  to  avoid  regions  having  a  serious  con¬ 
centration  of  hail.  The  damage  to  one  airplane  as  a  result  of  flight 
through  such  an  area  amounted  to  about  $25,000.  Over  an  extei\ded 
period,  the  actual  cost  of  hail  damage  plus  the  Intangible  costs  result¬ 
ing  from  having  an  airplane  inactive  raighr.  represent  a  sizable  portion 
of  the  cost  of  installing  airborne  radar  in  the  airplane. 

In  summary,  the  araiiable information  indicates  that  the  location 
and  intensity  of  turbulent  regions  may  be  estimated  upon  the  basis  of 
taotf0^o]Logi'>al  dtratl^us ,  These  estimates,  especially  of  location., 

are  rather  crude  and  do  not  represent  dependable  methods  for  redvicing 


the  gust  exnerionco  of  an  airplane.  Preliminary  evaluations  indicate 
that  the  greatest  reduction  of  gust  experience  may  be  obtained  throarh 
use  of  the  3~centiineter  airborne  radar  with  the  attachment  for  indi¬ 
cating  areas  of  light  and  heavy  rain.  This  supplement  to  pilot  judj- 
mont,  although  still  in  the  preliminary  stages  of  development,  appears 
to  bo  of  value  in  reducing  gust  experience  by  detecting  the  smoothest 
flight  path  through  fronts  and  squall  lines. 
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Figure  1.  -  Low  altitude  turbixlence  as  a  ftinction  of  the  product  of  wind 

shear  and  solar  radiation. 
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Figure  2.  -  The  maximum  effective  gust  velocity  in  thunderstorms  as  a 
function  of  relative  temperature  difference. 


Figure  3.  -  The  visible  cloud  and  rain  core  of  a  large  thunderstorm. 
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Figure  4.  -  Comparison  of  gust  experience  in  and  near  ground  radar 
indication  of  areas  of  thunderstorm  activity. 
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F'igure  5.  -  Comparison  of  gust  experience  in  and  near  airborne  radar 
indications  of  areas  of  thunderstorm  activity. 


Figure  6.  -  Airborne  contour  radar  method  of  presentation. 
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ATMOSPHERIC  TUEBUIENCE  AND  ITS  EFFECT  ON  AIRCRAFT  OPERATION 
5 .  SOME  ASPECTS  OF  GUST  ALLEVIATION 
By  Harold  B.  Pierce 
langley  Aeronautical  Laboratory 


The  effect  of  what  flying  through  rough  air  doea  to  an  airplane 
and  the  people  In  It  Is  familiar  to  moat  persona .  Gust  alleviation  la 
ideally  expected  to  eliminate  the  leads  and  stresses  normally  imposed 
on  the  airplane  by  the  rough  air  and  to  make  the  passengers  feel  as 
thou{^  they  were  flying  through  calm  air.  Methods  to  fully  accomplish 
these  ideals  for  the  modern  transport  airplane  have  not  been  developed. 
Althougli  complete  gust  alleviation  does  not  appear  likely  In  the  near 
future,  a  partial  attainment  of  either  object  appears  possible  and 
would  bo  of  value . 

In  order  to  show  what  effects  partial  alleviation  can  have,  a  cal¬ 
culation  was  made  for  a  typical  present  day  large  transport  flying  at 
15,000  foot  on  a  thousand  Mle  flight  which  had  90  percent  smooth  air 
and  10  percent  rough  air.  The  results  are  shown  In  Figure  1  as  the 
average  nimber  of  times  an  acceleration  increment  of  .t  1  g  would  be 
exceeded  on  this  flight  as  a  fxmctlon  of  the  indicated  airspeed.  The 
cwves  show  the  count  for  tho  airplane  as  is  (0  alleviation)  and  the 
count  when  the  acceleration  from  each  gust  is  alleviated  or  reduced  by 
10,  20.  and  UO  percent.  lb  give  you  an  idea  of  how  big  a  bump  a  1  g 
acceleration  increment  represents,  a  minus  1  g  Increment  Just  starts 
to  lift  a  passenger  from  his  seat.  Thus,  the  number  of  accelerations 
or  loads  counted  in  this  way  might  be  of  interest  to  the  operator  as 
a  measiiro  of  meals  spilled  or  of  possible  physical  damage  to  the  pas¬ 
senger  if  his  sent  belt  were  not  fastened.  For  tho  condition  selected, 
this  airplane  did  not  experience  acceleration  increments  greater  than 
1  g  until  it  flow  through  the  rough  air  at  about  225  miles  an  hour 
(Figure  1) .  But,  as  tho  speed  was  increased  from  225  to  UOO  miles  an 
hour,  the  number  of  acceleration  increments  greater  than  1  g  increased 
rapidly  to  I50,  showing  how  much  the  roughness  of  the  ride  increases 
with  speed. 

Although  the  alleviation  reduces  the  magnitude  of  the  accelera¬ 
tions  by  the  percentages  shown,  that  is,  10,  20,  and  40  percent,  the 
effect  on  the  number  of  accelorntlons  exceeding  1  g  is  much  greater. 

For  instance,  at  350  miles  an  hour,  4o  percent  alleviation  reduces 
the  count  from  80  to  2  or  nearly  98  percent.  Another  use  of  partial 
alleviation  becomes  apparent  when  consideration  is  given  to  its  ef¬ 
fect  as  the  speed  of  the  airplane  is  increased.  If  it  is  assumed 
that  the  roughness  of  ride  in  the  unncdlfied  airplane  at  225  miles 
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an  hour  should  not  bo  exceeded  at  higher  opeoda,  figure  1  shows  that  at 
3^0  miles  an  hour  about  40  porcent  alleviation  of  the  acc©lor= cion  would 
be  required.  It  should  be  emphasized  that  these  results  are  for  i'Ti  air  ■ 
piano  with  all  its  characteristics  held  constant,  flylr.g  at  difforent 
sneeds,  through  the  same  gust  environment.  In  all  pxotaliiity,  the  in- 
creasoa  of  fv^rward  speed  considered  here  would,  in  the  aexua]  case,  in¬ 
volve.  among  oth«r  things,  operation  ac  higher  altituios  with  a  subsa- 
qiient  reduction  in  the  number  of  gusts  cnccuiioorod .  Hewe  -'or,  if  partial 
alleviation  cun  be  obtained,  it  can  have  a  pronounced  ef'^'oet  on  thc'  ap- 
pareiit  roughness  encountored  in  bad  weather.  In  addition  It  should 
reduce  the  loads  oncountei’cd  ly  the  percei:tage  of  alloviacion  used  and 
not  only  provide  a  margin  of  safety  for  the  largo  loads  but  also,  b,^ 
reducing  the  over-all  level  of  the  loaua,  it  should  increase  the  fatigue 
life  of  the  airplane . 

This  paper  is  concerned  primarily  with  the  alleviation  of  the  loads 
and  the  stresses  caused  by  flying  through  rough  air.  It  is  offen  con¬ 
sidered  that  an  alleviation  of  the  acceiorations  caused  hy  gusts  is 
ayrjonymous  with  the  reduction  of  all  the  loads  and  stresses.  Tnis  con¬ 
cept  is  not  always  true,  because  some  methods  of  alleviating  the  accel¬ 
eration  reduco  certain  of  the  stresses  but  increase ' other  stresses. 
Therefore,  although  the  amount  of  alleviation  of  acceleration  is  a  good 
preliminary  measure  of  the  alleviation  of  load,  further  analysis  ia  al¬ 
ways  required  to  be  svi’e  that  the  method  used  to  alleviate  the  acceler¬ 
ation  has  actually  reduced  the  stresses. 

The  majority,  of  the  loads  caused  by  flying  through  rough  ^ir  occur 
during  rapid  motions  of  the  airplanes  that  are  characterized  by  quickly 
applied  accelerations  or  biunps  and  small  but  violent  pitching  and  loll¬ 
ing  motions.  Flight  tests  have  .shown  that  the  lift  changes  causing  ' 
these  motions  can  occur  in  as  little  as  a  tenth  of  a  second  and’aC  a 
frequency  of  from  four  or  five  times  a  second  for  a  nederaie  epeed 
transport  to  10  or  11  per  Gocond  for  a  high  speed  Jet  fighter.'  Thus, 
a  gust  alleviator  to  reduce  the  loads  must  be  8.ble  to  detect  the  gtista 
and  act  very  quickly  to  counteract  the  lift  changes . 

To  simplify  tho  discussion,  the  methods  of  alleviation  considered 
here  have  been  reduced  into  three  broad  categories .  These  categories 
are:  alleviation  by  use  of  a  detector  and  servo  system,  alleviation 
by  a  structural  deformation,  and  alleviation  by  reduced  lifting  ability. 

Figure  2  shows  several  different  methods  of  obtaining  alleviation 
using  a  detector -servo  combination  to  oporato  a  lift  reducing  com  • 
Because  it  is  so  often  proposed  as  a  means  of  alleviating  gust  loads, 
the  autopilot  is  considered  first.  The  autopilot  attempts  to  maintain 
a  constant  pitch  atultude  of  the  airplane  by  measuring  pitch  angle 
changes  or  pitching  velocity  and  then  correcting  for  the  attitude  change 
of  the  airplane  by  moving  the  elevator.  Normally  a  change  in  the  angle 
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of  attack  of  an  airplane  Is  the  sane  as  a  change  In  pitch  attitude,  hut, 

In  a  gust,  the  angle  of  attack  change  la  prlnarlly  a  change  In  the  direc¬ 
tion  of  the  relative  wind  and  not  a  change  In  the  attitude  of  the  air¬ 
plane.  Thus,  If  the  gust  pushes  the  airplane  up  or  down  without  chang¬ 
ing  Its  attitude,  the  autopilot  can  do  nothing  about  reducing  the  load. 

In  addition,  with  the  elevator  being  used  to  correct  any  attitude  changes, 
the  whole  airplane  must  be  rotated  to  change  the  angle  of  attack  of  the 
wing.  Since  the  gusts  causing  most  of  the  loads  are  quickly  applied  and 
occur  In  rapid  succession,  It  Is  unlikely  that  the  elevator  can  rotate 
the  airplane  back  and  forth  fast  eno\igh  to  keep  up  with  the  load  appli¬ 
cation.  When  tests  were  made,  no  difference  could  be  observed  In  the 
loads  and  motions  In  rough  air  whether  a  human  pilot  or  an  older  type 
autopilot  sensitive  to  pitch  angle  was  controlling  the  airplane.  No 
quantitative  data  have  been  obtained  with  the  newer  rate  types  of  auto¬ 
pilot. 

A  more  direct  method  of  changing  the  effective  angle  of  attack  of 
the  wing  than  by  rotating  the  whole  airplane  Is  to  use  a  wing  flap  that 
can  move  up  to  counteract  an  up  gust  or  down  for  a  down  gust.  Since  a 
wing  flap  weighs  leas  than  the  whole  airplane,  It  can  be  rotated  much 
more  quickly  and  should  be  ab].e  to  keep  up  with  the  rapid  angle  of  at¬ 
tack  changes  of  the  gusts.  Ihe  remaining  four  Illustrations  of  detector - 
servo  systems  shown  In  Figure  2  make  use  of  the  flap  to  reduce  the  lift 
on  the  wing.  The  first  flap  system  shown  measures  the  acceleration  due 
to  gusts  and  attempts  to  maintain  the  airplane  at  1  g  by  moving  the  flap. 
The  second  system  directly  measures  the  angle  of  attack  change  by  a  vane 
aheeid  of  the  wing  and  attempts  to  cancel  Its  effect  by  moving  the  flap. 
Since  flap  deflection  generally  produces  a  tendency  for  the  airplane  to 
pitch  violently,  the  next  system  Indicates  the  eiddltlon  of  Interconnected 
elevator  movement  to  counteract  the  pitching  moment  caused  by  the  flap. 
This  elevator  Interconnection,  of  course,  woiild  not  be  restricted  only 
to  this  particular  flap  system.  Calculations  have  shown  that  each  of 
these  three  flap  systems  Is  a  promising  gust  load  alleviator.  Because 
of  their  complexity  however,  the  modoi  tests  have  Jiot  been  made.  The 
last  system  shown  which  attempts  to  maintain  constant  altitude  within 
very  fine  limits  by  moving  a  flap  could  be  tested  In  the  NACA  gust  t\m- 
nel  at  the  Langley  Aeronautical  Laboratory.  The  tests  were  made  to 
check  our  ability  to  predict  gust  alleviation  with  systems  using  flaps. 

The  results  of  this  Investigation  are  shown  In  Figure  3  as  the 
acceleration  alleviation  as  a  function  of  the  distance  to  peak  accel¬ 
eration  or  load  The  curve  represents  the  calculated  results  and  the 
circled  points  are  test  results  obtained  In  two  different  gusts,  one  a 
sharp-edged  gust  aiid  one  a  gust  whoso  horizontal  distance  to  peak  veloc¬ 
ity  weis  about  8  chorda.  T5ie  alt  ude  or  vertical  displacement  operated 
flap  system  showed  little  alleviation  when  the  load  was  quickly  applied, 
for  the  Edrplane  model  did  not  have  time  to  move  vertically  before  peak 
load  passed.  However,  as  the  time  or  distance  to  maximum  acceleration 


31 


bocamo  grcati^r.  the  niDdol  had  more  time  to  move  vertically  with  'iho  /7U3t 
a:id  the  alleviation  ve,3  greater.  Iho  other  flap  jyjoeii?  r'C-ntJionod  which 
detect  acceleration  or  angle  of  attack  should  provide  more  ''-llGvlai;lon 
in  the  shorter  gusts.  Tlie  agree.Tient  oltained  to'cvoen  experimcri*  'rl  ccl 
culation  indicabes  that  the  allcviabion  obtained  virh  a  flap  ays  to. c  can 
to  predicted  for  xhe  elnglo  gust.^ 

Although  "flaps  can  reduce  the  accolerr.tion,  vertical  load  and  Dent¬ 
ing  rnoBiant  on  the  wing,  examination  chovs  largo  moments  tc-nil  ng  to 

twist  the  wing  are  developed  when  chey  are  doflected.  Figure  h  showa  an 
example  of  the  torque  loads  developed  by  tho  dofiectiQn  of  gist  allovia^ 
ing  flaps  considered  for  anpl.l cation' to  a  parpicular  ai'j.plano The  re¬ 
sults  ape  ‘shewn  as.  "the  applied  -corque  as  a  function  of  flap  deflection 
in  percent  of  the  porque  present  with  no  flap  deflectio'n.  The  circled' 
points  on  the  curve  show  the.  flap  deflections  and  applied  terquos  for 
different  amounts  of  acceleration  alleviation.  It  can  be  seen  that 
20  perce'nt  allovta'tion  (5  degrees  of  flap  deflection)  increases  the 
torque  qver  100  percent.  If  the  airplane  voro  already  strong  enough  to 
wl-chstand  this  increase  in  torque  load,  advantage  could  be  taken  cf  the  • 
alleylation  cf  ' the  vortical  i.oad  and  tho  bonding  moments  In  'this  crsG; 
howeyer,  hQ't-even  5  percent  alleviation  could  be  obtained  without  add¬ 
ing  material  to  the  wing  and' a  complete  redesign  would  bo  necessary  -to 
achieve  any  Jbemfita  In  -.felght  saving  If  .20  percent  alleviation  wore 
desired.  '  '  •  ‘ 

Conslderlrig  detector-servo  aystoms  as  a  whole,  the  alleviation  to 
be  o'btalned;  may  be  predicted  quite,  we .11  for  a  single  gust.  The  verti¬ 
cal,  loads,'  acceleration,  beriding  raomonta  and  'torques  are  all  funcnible' 
to  calculation.  'Uhf ortur.ate.ly ,  the  bohavicr  of  airplanos  in  sequences 
of  guats  extending  beyond  about  20  or  30  chord  lGng'l:s  cennot  be  pro- 
dlctpd  satisfactorily  at  present.  In  addition,,  do toctor -servo  sy:i toms  . 
are  'pd'tential  oscillators  and  thus  mey  be  suacoptible  'to  possible  flu't- 
■ter  pr  divergence' reactions  ,  Little  work'  has  been  done  to  handle  these.* 
problems.  '  '  ■ 

The  term,,  aeroelaatlc  effects,  Is,  used  to  describe’ "the  dtructural 
deformations  oif  an  airplane  wing  in  flight.  In  some  chaos  tho  struci^  . 
tural  deformations  ere  favorable  and  in  others  unfcvorabl;.  Gust  alio vi 
ation  by  structurar  deformation  takes  .alvuntago  of  .favorable  fieroelaStic 
effects.  An  Illustration  pf  an ■  aeroelaatlc  effect  from  which  gust  alle¬ 
viation  is  obtained  is  a  sweptback  wing.  Since  'tlie  center  of  air  load 
on  the  wing  is  butbo'ard  on.  the  wing  and  behind  tho  wing  rco-t,  when  the 
wli^  Is  pushe^L  UP  as  tho^h  an  up  gi>at  were  oncountored,  the  wing  tip 
■twists  down  and.  reduces :  the  angle  of  -at'tock  (Figpire  5)*  Tno  result  of 
thld  downward  twist  In -nn  up  gust  Is  ap  alleviation  of  tlie  loads' and 
moments  on  the  wing.  Teats  l/ero- mnde.  In  the  gust  tunnel  on  a  model" 
having  a  sweptback  wing  with  a  stiffness' representative  of  'the  vlhga 
of  large  'ta^anaport  airplanes.  The  experimental  result  agr,e.ed  with  tno 
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calculated  result  of  20  percent  gust  alleviation.  However,  since  there 
is  more  reduction  in  angle  of  attack  at  the  tip  than  near  the  wing  root, 
when  tho  wing  bends  tho  cantor  of  lift  on  the  wing  shifts  inboard  on  the 
wing  and  forward.  In  the  model  testa  this  effect  caused  a  nose  up  pitch¬ 
ing  motion  that  reduced  the  alleviation  from  20  percent  to  about  8  per¬ 
cent. 


Another  system  using  favorable  structural  deformation  has  been 
checked  experimentally  in  tho  gust  tunnel.  It  was  an  ea;>sclally  de¬ 
signed  straight  wing  which  ti/isted  favorably  when  air  loads  were  applied. 
Again,  it  was  found  that  the  reduction  in  acceleration  was  predicted 
with  good  accuracy.  A  wing  of  this  type  would  be  subject  to  aileron 
reversal  effects,  however,  if  the  conventional  aileron  were  used  to  pro¬ 
vide  control. 

There  probably  wouM  be  a  considerable  amount  of  difficulty  involved 
in  designing  an  actual  wing  structure  to  deform  in  a  predetermined  manner 
to  provide  gust  alleviation.  There  is  one  big  advantage  to  using  struc¬ 
tural  deformation  to  alleviate  the  gust  load,  however,  and  that  is,  that 
once  designed  for  end  Incorporated,  it  is  a  property  of  the  airplane  it¬ 
self  and  la  not  dependent  on  the  operation  of  detectors  and  servos  to 
achieve  the  desired  alleviation. 

In  contrast  to  the  detector -servo  and  the  structural  deformation 
categories  of  gust -alleviation  systems  which  move  flaps  or  twist  the 
wing  to  reduce  the  load,  the  third  category,  reduced  lifting  ability, 
reduce'S  tho  load  by  a  change  in  size  or  a2inpe  of  tho  wing.  Figure  6 
shows  two  possible  ways  of  reducing  the  lifting  ability  of  a  wing.  On 
the  left  is  shown  the  effect  of  a  reduction  of  aspect  ratio,  and  on  the 
right  is  shown  the  effect  of  sweep.  The  area  of  all  the  wings  shown  is 
the  same .  These  curves  of  lift  versus  angle  of  attack  are  representative 
of  what  would  be  obtained  in  an  ordinary  test  in  a  wind  tunnel.  The  re¬ 
duction  in  aspect  ratio,  in  this  case,  from  6  to  l.UU,  reduced  the  lift 
for  a  given  angle  of  attack  change  by  k6  percent  and  sweeping  the  wing 
by  degrees,  as  in  this  case  reduced  the  lift  about  30  percent.  Since 
the  wing  was  swept  by  rotating  tho  wing  panels,  the  aspect  ratio  chained 
from  6  for  the  straight  wing,  to  3  for  the  swept  wing,  and  a  major  por¬ 
tion  of  the  lift  reduction  is  probably  due  to  this  change  in  aspect  ratio. 
All  of  the  wings  shown  in  Figure  6  have  been  investigated  in  the  gust 
tunnel  and  it  was  found  that  the  alleviations  obtained  could  be  predicted 
satisfactorily  and  corresponded  roughly  to  the  reduction  in  lift  shown 
in  the  figure .  Of  course .  those  large  values  of  alleviation  were  obtained 
under  ideal  teat  conditions  where  only  tho  wing  plnnform  shape  was 
changed.  In  actual  practice,  the  wing  area  might  have  to  be  increased 
to  obtain  the  desired  high  lifts  necessary  for  reasonable  landing  speeds. 
An  increase  in  area  would  also  proportionately  increase  the  loads  in 
gusts  with  a  consequent  reduction  in  the  amount  of  alleviation  to  be  ob¬ 
tained. 
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Another  n^thod  of  reducing,  the  lifting  nhillty  that  in  eoriotliTss 
considered  is  a  spoiler  Uiat  can  bo  left  extended  vr.ilo  flying  thro u;;'h 
rough  air.  'Teste  In  t}ie  gust  tunnel  indicated,  h,iwevor-,  that  the  :yo- 
ponae  of  spoiler  to  the  transient  angle  of  attack  char,ge  of  a  gust 
was  not  fast  enough  to  provide  mich  alleviation. 

The  status  of  knowledge  on  gust  load  alleviation  can  be  sunit'id  up 
as  follows:  'The  alleviation  to  be  obtainod  in  a  single  gust  by  uoo  of 
almost  any  method  or  device  can  bo  predicted  to  a  fair  degree  of  ncei.ur- 
acy  and  the  results  of  soma  model  tests  are  e.vailablo  as  confirmatifin. 
At  present,  there  is  not  sufficient  knowledge  to  predict  the  rcsporise 
in  a  succession  of  gusts.  As  far  as  is  known,  thaie  are  no  quantita¬ 
tive  date  available  from  tests  of  ffiat  alleviation  devices  on  a  full- 
scale  airplane. 
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Figure  1.  -  Effect  of  partial  alleviation  on  the  nxunber  of  acceleration 

increments  greater  than  1  g. 
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Figure  2.  -  Possible  detector- servo  systems  for  reducing  gust  loads. 
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Figure  3.  -  Alleviation  obtained  with  a  dectector-servo  system  which 
attempts  to  maintain  constant  altitude  within  very  small  limits. 
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Figure  4.  •  Torque  load  caused  by  deflecting  flap  to  obtain  gust  allevia- 


6.  ANALYSIS  OF  ^^EAI^S  TO  INCREASE  THE  SMOOTHNESS  OF 
FLIGHT  THROUGH  ROUGE  AIR 
By  William  H.  Phillips 


HSS'THICTED 


?4 


ATM0S=H:-]HIC  "URBULS.  C3  ^I'lD  ITS  2:FFZCT  on  -'.I2C3AFT  OPTHaTIOIT 
6,  AFALYSIS  OP  I-EA:I3  TO  IlTCriPASP  TKT  SJ;OCTH:TI]SS 
OP  PLIOKT  TH-OUOK  ROUGH  AIR 
By  Uilliam  H,  Phillips 
Langloy  Aeronautical  Laboratory 


Tliis  paper  is  based  on  a  theoretical  study  of  means  to  improve 
passen^’er  comfort  bj’’  increasing  the  smoothness  of  flight  through  rough 
air  (reference  l)*  The  paper  is  intended  simply  to  give  an  indication 
of  the  types  of  device  that  would  have  to  be  incomorated  in  an  airplane 
in  order  to  provide  smooth  flight  through  rough  air.  Many  practical  preb- 
lems  in  connection  with  the  actual  design  and  operation  of  such  devices 
require  farther  study  before  it  can  be  determined  v/hether  the  attainment 
of  relatively  smooth  flight  in  rough  air  would  be  possible  in  practicso 

Records  of  the  motions  of  an  airplane  flying  in  rough  air  indicate 
that  normal  accelerations  are  relatively  large,  whereas  latex'al  acceler¬ 
ations  and  changes  in  orientation  are  relatively  small.  Redactions  .in 
normal  acceleration  would  therefore  appear  to  be  the  most  promising  method 
of  Icroroving  passenger  comfort,,  In  this  paper  the  tendency  of  ai^'nlane 
motion  to  cause  airsickness  will  be  used  as  a  criterion  of  passe. .gor  com¬ 
fort,  Some  research  was  conducted  at  Uesleyan  University  in  Connecticut 
to  dete.rmine  the  relative  importance  of  oscillations  of  various  frequencies 
in  producing  airsickness  (reference  2),  In  these  tests  a  large  group  of 
men  was  subjected  to  vertical  oscillations  in  a  device  similar  to  an  eleva¬ 
tor,  Some  of  the  results  obtained  in  these  tests  are  shown  in  figure  1, 
This  figure  shows  the  percentage  of  men  who  became  sick  within  an  interval 
of  20  minutes  when  they  were  subjected  to  oscillations  of  various  fre¬ 
quencies,  These  data  show  that  oscillations  with  a  frenuency  of  about 
1/4  cycle  por  second  caused  the  most  sickness,  and  that  oscillations  with 
the  highest  frequency  tested,  about  l/2  cycle  per  second,  caused  relatively 
little  sickness.  It  is  unfortunate  that  the  data  do  not  extend  to  still 
higher  frequencies,  of  the  order  of  1  or  2  cycles  per  second,  inasmuch  as 
many  of  the  oscillations  produced  by  rough  air  are  in  this  higher  frequency 
range,  Nevertheless,  these  data  appear  to  indicate  that  oscillations  of 
relatively  low  frequency,  or  long  period,  are  more  likely  to  cause  air¬ 
sickness  than  oscillations  ofhigh  frequency,  or  short  ceriod.  In  the 
design  of  a  device  to  improve  passenger  comfort,  therefore,  .it  may  not  be 
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necessary  to  emphasise  the  redaction  of  response  to  gusts  of  very  high 
frequency. 

Two  methods  of  acc<^loration  alleviation  will  he  considered  from  the 
standpoint  of  improving  passenger 'comfort^,.  One  of  these  methods  Is  pitch¬ 
ing  the  v;hole  airplane  hy  means  of  the  elevators  to  maintain  a  constant 
angle  of  attack  during  passage  through  gusts..  The  other  is  the  operatJom 
of  flaps  on  the  wing  hy  means  of  an  automatic  control  system  to  offset 
the  lift  increments  caused  hy  gusts. 

In.  calculations  of  the  response  to  gusts^  the  airplane  was  assemed 
to  fly  through  sinusoidal  gusts  of  various  wave  lengths.  Theoretically, 
any  actual  gusts  could  he  resolved  into  sinusoidal  components  of  this 
t.ype  and  the  resulting  acceleration  of  the  airplane  could  he  computed  hy 
adding  these,  effects  of  the  sinusoidal  gusts  separatelj''. 

For  conroarison  vrith  later  calculations  that  show  the  effect  of  de¬ 
vices  intended  to  reduce  the  accelerations  caused  hy  gusts >  the  response 
of  a  tyoical  transport  airplane  to  gusts  is  shown  in  figure  2,  This  fig- 
uro  shows  the  normal  acceleration  and  pitching  velocity  of  n  conventional 
transport  airplane  flying  at  a  speed  of  200  miles  per  hour  encountering 
vortical  gusts  of  various  vrave  lengths.  The  amplitude  of  the  gusts  was 
taken  as  5.T  foet  per  second,  a  value  which  produces  an  angle- of -at  lack 
change  of  1,0  degree  at  200  miles  per  hour.  The  accelerations  caused  hy 
gusts  of  any  other  amplitude  v/ould,  of  course,  vary  in  proportion  to  the 
amplitude.  The  figure  indicates  that  for  gust  frcoucncios  greater  than 
1  cyple  per  second  the  airplane  experiences  accelerations  approaching  a 
constant  magnitude  equal  to  that  which  would  result  from  the  lift  imposed 
on  the  wing  hy  an  angle  of  attack  equal  to  that  resulting  from  tho  gust. 

At  lower  frequencies  the  acceleration  docroasos  as  a  result  of  vertical 
motions  of  the  airplane.  The  pitching  volocitj’’  resulting  from  the  gusts 
is  low. 

In  order  to  study  tho  possihilitios  of  different  syst;:rcs  of  accel- 
•oration  alleviation  it  is  helpful  to  consider  the  control  motions  that 
would  ho  required  theoretically  to  produce  zero  acceleration  of  tho  cen¬ 
ter  of  gravity  during  flight  through  gusts.  Elimination  of  the  vertical 
accelerations  docs  not  necessarily  avoid  pitching  of  the  aiiplano,  Thcre- 
foro  pitching  motions  resulting  vdth  the  different  methods  of  control  are 
also  of  interest,  Tho  elevator  motion  required  to  produce  zero  accelera¬ 
tion  of  the  cantor  of  gravity  in  flight  through  gusts  of  various  frequen¬ 
cies  and  the  resulting  pitching  velocities  are  shov/n  in  figure  3c-  The 
olovatcr  motion  required  increases  almost  linearly  with  frequency  and 
roaches  very  large  values  at  high  frequencies.  In  addition  it  is  found 
that  the  phase  angle  of  elevator  motion,  not  shoxm  in  tho  figure,  must 
anticipate  tho  Jingle-of-attack  variation  due  to  tho  gusts  hy  large  amounts^ 
Such  largo  phase  loads  are  difficult  to  obtain  in  practice  and  indicate 
tho  reason  for  the  inability  of  a  human  pilot  to  successfully  counteract 
the  effects  of  gusts.  The  pitching  velocities  shoi-ra.  in  this  figure  also 
reach  vory  high  values.  These  high  values  of  pitching  velocity  result 
from  the  fact  that  with  olovator  control  it  is  necessary  to  rotate  the 


whole  airplane  to  maintain  a  constant  an^jlo  of  att.-ck  cturln^  passai^e 
through  the  gusts,  Thoso  largo  pitching  velocities  arc  undcslralilo  bo" 
cause  the  ncconroanying  pitching  accelerations  cause  changes  in  vortical 
acceleration  at  points  some  distance  from  the  center  of  gravity^  For 
example,  in  this  case  the  amplitude  of  vortical  acceleration  at  a  point 
two  chord  lengths  from  the  center  of  gravity  v/ould  be  greater  than  that 
of  the  basic  airolane  with  no  accclortition  alleviator  at  frequencies 
greater  than  tv'o  cycles  per  second.  Tlio  use  of  elevator  control  there¬ 
fore  does  not  appear  very  promising  as  a  means  for  producing  smooth  flight. 
There  is  a  possibility,  however,  that  the  use  of  elevator  control  might 
have  a  beneficial  effect  in  offsetting  the  lov;-frcquoncy  components  of  the 
oscillation  which  wore  ohovm  previously  to  be  primarily  responsiblo  for 
airsickness. 

It  might  be  thought  that  opor-tion  of  the  flaps  to  offset  the  lift 
increment  caused  by  gusts  would  overcome  these  objections  because  the  flaps 
can  produce  lift  increments  v/ithout  the  necessity  of  rotating  the  entire 
airplrnc,  Tho  flap  notion  roquirod  to  produce  zero  acceleration  of  the 
center  of  gravity  and  tho  resulting  pitching  velocity  are  shovm  in  figuro 
4,  For  those  calculations  it  vras  assumed  that  the  landing  flaps  v-erc 
used  as  tho  acceleration  alleviating  device.  These  results  show  that  tho 
pitching  motions  produced  by  tho  use  of  the  flaps  are  oven  larger  than 
those  produced  by  the  elevator.  Those  large  pitching  motions  result 
mainly  from  tho  action  of  tho  do’-fnwash  from  tho  flaps  on  the  tail.  This 
downwash  acts  in  tho  sane  direction  as  tho  rusts  and  thorcforc  croducos 
largo  pitching  motions  of  tho  airplano.  Furthermore,  in  certain  frequency 
ranges  the  phase  relationship  of  thesve  pitching  motions  is  such  that  the 
anglo-of-attack  change  of  the  airplano  adds  to  that  of  the  gusts  and  as 
a  result  still  more  flap  deflection  is  required  to  offset  tho  acceleration 
increments,  Thoso  results  indicate  that  the  use  of  conventional  trailing- 
odgo  flaps  for  acceleration  alleviation  is  not  likoly  to  prove  successful. 

An  understanding  of  tho  flap  characteristics  roquirod  to  offset  tho 
accelerations  caused  by  gusts  may  bo  obtained  by  considering  tho  sequence 
of  events  that  occurs  v/hen  the  airplano  penetrates  a  gust.  The  airplano 
is  assumed  to  fly  into  a  region  in  v/hich  a  vortical  gust  velocity  exists. 
When  tho  wing  penetrates  the  gust  tho  flaps  must  move  up  to  produce  lift 
in  the  opposite  direction.  In  order  to  avoid  undesirable  pitching  motions 
of  the  airplano,  however,  the  moment  about  the  v/ing  acrod^manic  center 
caused  by  the  flap  deflection  must  be  zero.  Then  when  the  tail  penetrates 
to  tho  region  of  the  gust  tho  dO’/mwash  from  tho  flaps  should  be  just  equal 
and  opposite  to  the  gust  velocity  so  that  no  additional  moments  ^'ill  bo 
applied  to  the  airplane  by  the  tail.  Such  characteristics  are  not  ob¬ 
tainable  with  ordinary  flap  designs.  The  provision  of  sere  pitching  mo¬ 
ment  about  the  vfing  aerodynamic  center  might  bo  obtained  by  linking  tho 
elevator,  or  a  portion  of  the  elevator,  to  deflect  in  phase  v;itli  the 
flap  in  order  to  offset  the  flap  pitching  moment.  The  desired  downwash 
at  tho  tail,  which  is  opposite  from  that  normally  resulting  from  flap 
dofloction,  might  bo  obtained  by  linking  a  portion  of  tho  flap  near  the 
fuselage  to  doflcct  in  the  opposite  direction  from  the  main  part  of  tho 
flaps  further  outboard. 
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In  order  to  calculate  the  reduction  of  accelerations  caused  by 
automatic  operation  of  the  flaps  during  passage  through  gusts,  the  gust- 
sensing  device  required  to  operate  the  flaps  must  bn  considered.  Studies 
have  been  made  of  the  use  of  a  vane  mouiitod  ahead  of  the  airoj.,'  no  to  de¬ 
tect  gusts  and  of  the  use  nf  an  accGleroinutcr  to  dct'ct  the  ai^clcnc  mo¬ 
tion  caused  by  gusts.,  Tiic  typo  of  mechanism  contr.mulat.' d  uoing  the  vaae- 
type  sensing  device  is  shov/n  in  figure  5->  '^he  mechanism  shovn  is  just 
one  of  many  pcssiblo  arrangements  that  night  bo  usodo  If  the  airpiane  on- 
countors  a  .gust,  ^he  vano  deflects  upward  and  op<;rates  a  booster  mechanism 
which  causes  the  flaps  to  move  upward,,.  -110  linkage  to  the  control  stick 
shown  in  this  figure  requires  further  cxnlanation,,  'formally,  control  of 
the  airplane  is  accomplished  by  chr.nging  tti-'  analo  of  attack  as  a  result 
of  elevator  doflection,  hny  device  whic’  offsets  the  lift  incrcia.'UAs 
due  to  change  in  angle  of  attach  will  provunt  the  pilot  from  racnou,ver,iug 
the  airplane  by  means  of  the  elevator,,  'i’his  difficulty  may  bo  overcome 
by  linking  tho  control  stick  to  the  flaps  as  well  as  to  the  clove  tor., 

Vnon  the  eilot  makes  a  pullup  v/ith  such  an  arrangomont , .  a  roarwai  cl  motion 
of  tho  stick  causes  the  flaps  to  move  dovm,  producing  lift  in  tho  desired 
direction,  ^hen,  as  the  airplane  responds,  tho  flacs  move  back  to  their 
iiGutral  position  as  a  result  of  the  anglc-of-attack  change  produced  by 
the  vane. 

The  reduction  of  accelerations  caused  by  rough  air  obtainable  by  use 
of  such  a  device  is  sho.wn  in  figure  6^  The  characteristics  of  the  basic 
airplane  arc  shown  for  comparison.  It  is  soon  that  t'no  accolora.tion  may 
bo  reduced  to  a'oout  one-fifth  of  the  values  o'rpcrioncod  by  the  basic  air¬ 
plane  while  pitching  velocities  remain  low. 

The  stability  and  control  characteristics  of  an  airolano  equipped 
with  a  device  of  this  kind  are  shovni  by  tho  response  to  an  abrupt  control 
movemente  It  is  desired  that  following  such  a  control  movemont  tho  air¬ 
plane  should  quickly  roach  a  steady  value  of  acceleration  without  over¬ 
shooting  or  oscillating. 

The  response  to  control  movement  of  an  airplane  oquippod  with  tho 
vanc-t3^G  acceleration  alleviator  is  shown  in  figure  7-  elevator 

is  assumed  to  be  suddenly  deflected  and  held  in  the  nev;  position^  ITio 
resulting  motion  of  a  typical  transport  airplane  is  indicated  by  the 
dashed  lino  for  comparison^  ^Vhon  the  airplane  is  oquippod  vdth  the  de¬ 
vice  discussed  previously,  a  much  more  rapid  response  is  obta.innd  be¬ 
cause  of  tho  production  of  lift  immediately  when  the  flaps  arc  defiocted,o 
IToverthcloss,  the  motion  is  very  stable  and  shows  no  tendency  to  over¬ 
shoot  the  final  acceleration.  The  reduction  of  lag  follov/lng  a  control 
deflection  is  thought  to  be  an  advantage,  though  actua.l  flight  tests 
would  be  required  to  doterraino  eilots'  opinion  of  this  characteristic. 

It  is  apparent  that  the  incorporation  of  a  device  v.'h,ich  provides 
smooth  flight  in  rough  air  vrould  require  rather  complioatod  additional 
mechanisms  not  provided  at  present  though  the  external  appearance  of 
the  airplane  would  be  little  changed.  The  possibility  t'lat  interaction 
betwoon  the  flap-operating  mecha  ism  and  structural  oscillations  might 


produce  flutter  requires  further  invosti‘--ation,  Hcvorthclor.s,  the 
promising  results  obtained  in  the  theoretical  investigation  indicate 
that  experimental  work  to  verify  these  results  would  be  dosirabloo 
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Figure  3.  -  Elevator  motion  required  to  produce  zero  acceleration  of  the 
center  of  gravity  in  flight  through  sinusoidal  gusts  of  various  frequen¬ 
cies,  and  the  resulting  pitching  velocity. 
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Figure  4.  -  Flap  motion  required  to  produce  zero  acceleration  of  the 
center  of  gravity  in  flight  through  sinusoidal  gusts  of  various  frequen¬ 
cies,  and  the  resulting  pitching  velocity. 
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Figure  6.  -  Response  of  an  airplane  equipped  with  acceleration  alleviator 
to  sinusoidal  gusts  of  various  frequencies.  Characteristics  of  basic 
airplane  shown  for  comparison. 


•  • 


2- 

ELEV.  ANGLE, 
DEG 

0- 


NORMAL 

ACCEL. 

g 


0  12  3  4  5 

TIME,  SEC 


Figure  7.  -  Response  of  an  airplane  equipped  with  acceleration  allevia¬ 
tor  to  an  abrupt  step  motion  of  the  elevator  control. 
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SOME  ASPECTS  OF  AIRCRAFT  SAFETY  -  ICING,  DITCHING  AND  FIRE 

7.  METEOROLOGICAL  FACTORS  IN  THE  DESIGN  AND  OPERATION  OF  THERMAL 
ICE  PROTECTION  EQUIPMENT  FOR  HIGH-SPEED, 

HIGH -ALTITUDE  TRANSPORT  AIRPLANES 

By  william  Lerfia 
U.  S.  Weather  Bureau 


The  first  auccesaful  thermal  anti -icing  syatema  were  designed  and 
built  without  the  benefit  of  exact  knowledge  concerning  the  physical 
charactoriatlca  of  the  meteorological  conditions  in  which  they  were 
expected  to  operate.  The  need  for  such  knowledge  was  clearly  recognized, 
however,  and  research  was  undertaken  by  the  NACA  to  determine  the  prob¬ 
able  range  of  values  of  each  of  the  pertinent  meteorological  variables. 
During  the  past  few  years  sufficient  measurements  have  been  made  to 
allow  approximate  definition  of  the  characteristics  of  the  most  severe 
conditions  likely  to  be  encountered  in  certain  types  of  weather  situa¬ 
tions.  At  the  same  time,  methods  have  been  developed  for  the  determin¬ 
ation  of  heating  requirements  for  various  airplane  components  when  the 
meteorological  variables  are  specified. 

With  these  developments  has  come  the  realization  that  it  la  not 
feasible  to  provide  sufficient  heat  to  prevent  all  ice  formation  in  all 
possible  icing  conditions.  It  is  necessary,  therefore,  for  the  design¬ 
ers  to  consider  the  probabilities  that  the  airplane  will  encounter  con¬ 
ditions  of  varying  degrees  of  severity,  and  assiane  a  calculated  risk  in 
baaing  the  design  on  something  less  than  the  most  severe  icing  conditions 
•Uiat  might  possibly  occw. 

Now  the  probability  of  encountering  conditions  of  a  given  severity 
is  obviously  dependent  upon  the  operating  conditions,  including  such 
factors  as  geographical  area  and  preferred  flight  altitude .  It  is  also 
dependent  upon  the  extent  to  which  f li^t  procedures  are  modified  in 
oi^er  to  avoid  icing  conditions  or  minimize  their  severity.  This  latter 
factor,  in  turn,  depends  upon  the  effectiveness  of  the  anti -icing  system. 
It  is  evident  therefore,  that  the  problems  of  design  and  operation  are 
closely  interrelated.  The  question  of  the  extent  to  which  it  is  prac¬ 
ticable  and  desirable  to  reduce  the  design  requirements  because  of  reli¬ 
ance  on  the  ability  of  the  pilot  to  avoid  the  most  severe  and  extensive 
icing  conditions  demands  careful  consideration.  This  matter  is  especi¬ 
ally  important  for  high -altitude  airplanes. 

The  principal  difficulty  in  a  determination  of  the  ice -protection 
requirements  of  hlg^ -altitude  airplanes  is  due  to  the  fact  that  nearly 
all  of  the  data  on  icing  conditions  now  available  are  from  observations 
at  altitudes  below  about  20,000  feet.  It  is  necessary,  therefore,  to 
make  an  estimate  of  conditions  to  be  expected  at  higher  altitudes, 
which  will  serve  as  a  tentative  basis  for  anti -icing  design  until  actual 
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mo  as  or  omen  ta ,  taken  if  noaaibie  during  normrJ.  operations,  can  prcvido 
more  exact  inTormation. 

The  metooro logical  facixirs  which  a..'6  imnortant  in  a  ccnsldoration 
of  iclr^  conditions  a:c0  liq,iiid  wa'oer  content,  cloud  drop  size,  air  tom 
perature  £j.nd  air  denainy.  Itie  severity  of  icing  is  obviously  directly 
proportional  bo  tho  liquid  water  content  when  all  other  facbors  are  re¬ 
garded  as  corisxant.  Furthermore,  for  any  nnrticular  value  of  liquid 
water  conten-c,  tho  rate  au  which  water  is  intercepted  by  a  moving  ob¬ 
ject.  the  area  over  which  the  Impingement  occurs,  and  the  distrlbU'.,lon 
of  water  cbllectlon  over  this  area  are  dependent  upon  a  combination  of 
factors  including  the  average  drop  size,  'the  dis'bribution  of  drop  sizes 
about  this  avez'age,  the  air  speed,  the  altitude,  and  the  size  and  shape 
of  the  object.  The  rate  of  water  interception,  or  the  rate  of  ice 
formation,  per  unit  area  normal  to  the  flight  path,  is  equal  to  the 
product  of  the  liquid  water  content,  the  true  airspeed  and  a  fac''x>r 
called  tl'xe  collection  efficiency,  which  is  a  function  of  drop  size, 
airspeed,  and  the  geometrical  configuration  of  tho  airplane  compenent 
Since  pilots  customarily  observe  the  thickness  of  J..ce  in  Inches  and 
values  of  liquid  water- content  are  uauall.y  expressed  in  grams  per  cable 
meter,  it  may  be  noted  ''ihat  the  thickness  of  ice  ip  inches,  which  is 
collected  during  13  bu  i^'S  of  flight  is  approxima'boly  equal  to  'ohe 
liquid  water  content  in  grama  per  cubic  meter  times  the  collection,  effi¬ 
ciency .  .  ,  .  '  ■  ;  .  .  ■  ■  ■  ■ 

Unlike  liquid  water  content  and  drop  size,  the  effect  of  tempera¬ 
ture  oji  tho  severity  of  icing  as  experienced  by  on  unheatod  airplane  is 
quite' different  from  its  effect  on  tho  difficulty  of  ice  prevention  by 
meana^of  heat.  In  .terms  of  .thermal' Ice  prevention,  tbe  severity  of 
icing  increases  continuously  as  the  temperature  is  reduced.  On  an  un- 
heated  surface,  on  the  other  hand,  lee  which  forms  at  very  low  tempera¬ 
ture  a.  usually  hr.3 .  a  smooth  and,  pointed  form,  a.nd  has  a  less  unfavorable, 
effect  bn  the  performance  of  tho  airplane  than  the  rough  and  irregular 
shapes  which  form  at  only  a  few  degrees  below  freezing. 

In  the  case  of  high-speed  airplanes,  the  effect  of  kiPetic  heating 
in  maintaining  the  temperature  of  the  airplane  abovp  the  f reo'-elr •  tern 
perature  Is  quite  important.  Tests  have  shown  that  in  dir  containing  .. 
water  drops,  the  amount  of  the  kinetic-  temperature  ride  is  about 
90  perqent  of  that  which  would  be  produced  by  bringing  the  air  to  rest  , 
by  a  Saturated -adiabatic  process.  This  effect  is  Illustrated  in  Fig-  . 
lUT.e  'i;,  In  the  construction  of  this  figure;  it  was.  assumed  that  the 
freezing  level  was  at. 10,000  feet  pressure  altitude  and  the  lapse  rate 
of  air  containing  liquid  water  drops  was  moist -adiabatic .  Under  these 
conditions  the  curve  Indicates  liio  relation  between  true  airspeed  and 
the  toraporatvire  and  pres  sure -altitude  at  -which  the  loading -edge  surface 
would  be  at  32°  F,  which  of  course.  Is  the  critical  conditlon  for  the 
onset  of  icing.  It  is  seen  that  an  airplane  flying  at  500  mph  would.  . 
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have  to  reach  an  altitude  of  17-000  feet  when  the  temperature  is  6°  F 
hofore  icing  would  be  experienced. 

Nearly  all  of  the  data  now  available  on  liquid  water  content  ord 
drop  size  in  icing  conditions  have  been  obtained  using  airplanes  with 
a  practical  service  ceiling  of  about  20,000  feet.  Hence,  any  estimate 
of  conditions  likely  to  be  encountered  at  higher  altitudes  must  neces¬ 
sarily  be  based  on  extrapolations.  Moreover,  nearly  all  of  the  obser¬ 
vations  were  made  during  winter  and  spring,  while  it  is  expected  that 
the  moat  severe  and  frequent  icing  conditions  at  higher  altitudes  may 
occur  in  suitsner.  Under  these  circumstances,  the  beat  that  can  be  done 
at  present  is  to  examine  the  data  now  available  and  proceed  with  caution 
to  extrapolate  to  higher  altitudes . 

Nearly  all  flight  measurements  of  cloud  drop  size  have  been  made 
by  means  of  the  rotating  cylinder  method.  This  method  yields  what  is 
called  the  "mean-effective  diameter",  which  la  believed  to  be  approxi¬ 
mately  equal  to  the  median  of  a  volume  distribution.  iVhen  the  mean- 
effective  diameter  is  known,  the  rate  of  wator  interception  can  be  cal¬ 
culated  with  repsonable  accirracy.  The  maxlmm  area  of  drop  impinge¬ 
ment,  however,  is  determined  by  tho  size  of  the  largest  drops,  and  is 
therefore  dependent  also  upon  the  distribution  of  drop  diameters. 

An  examination  of  available  data  on  mean-effective  diameter,  taken 
in  various  parts  of  the  United  States  shows  the  existence  of  a  signifi¬ 
cant  variation  with  geographical  location.  Measurements  made  along  the 
Pacific  coast  show  larger  values  of  drop  diameter,  both  average  and 
extreme,  than  are  observed  in  other  parts  of  the  country.  This  effect 
is  believed  to  be  duo  to  differences  in  the;  kind  and  number  of  conden¬ 
sation  nuclei,  tho -hypothesis  being  that  alt  which  comes  from  over  the 
ocean  contains  a  small  concentration  of  largo  condensation  nuclei, 
probably  composed  of  sea  salt.  If  this  is  true,  a  tendency  to  large 
drops  would  bo  expected  generally  over  the  sea  end  along  coasts  having 
prevailing  on-shore  flow. 

Data  from  cumultia  clouds  in  ell  areas  and  from  layer  clouds  on  the 
Pacific  coast  do  not  reveal  any  significant  variation  of  mean- effective 
diameter  with  altitude.  Observations  in  layer  clouds  in  eastern  U.  S., 
however,  definitely  indicate  an  increase  in  drop  size  with  increasing 
altitude.  These  results  are  shown  in  Figure  2.  On  tills  figure  are 
shown  smoothed  distribution  curves  for  observations  of  mean-effective 
diameter  in  layer  clouds  In  eastern  U.  S.  at  altitudes  above  and  below 
10,000  feet.  The  ordinates  represent  the  percentage  of  observations 
lying  within  a  2-mlcron  range.  It  is  noted  that  the  observations  from 
above  10,000  feet  show  a  higher  average  diameter  and  a  greater  varia¬ 
bility,  with  higher  frequencies  in  the  range  from  ih  to  30  microns. 
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Tho  characterlijtica  of  theae  diatrl'butlon  curvoa  mry  be  deacribef!! 
by  meana  of  certain  atatlatical  parameters  ns  shown.  These  are  the  mode, 
or  moat  frequent  value,  the  median,  a  value  such  that  half  the  observn - 
tlona  are  above  and  half  below,  and  the  fifth  and  ninety-fifth  percen¬ 
tiles  which  mark  the  lowest  and  highest  5  percent  of  the  observrtions . 

It  ia  also  poted  that,  although  the  higher -altitude  observationa  have  a 
greater  median  and  mode  the  95th  percentile  lo  nearly  the  same,  indi¬ 
cating  that  there  la  little  change  with  altitude  in  the  probability  of 
encountering  very  large  drops  . 

Figure  3  (table)  shows  values  of  some  statistical  pnrametera  for 
the  distributions  of  observationa  of  mean-effective  diameter  In  cumulua 
clouds  and  layer  clouds  in  the  Pacific  coast  region  and  in  eastern 
United  States.  It  la  seen  from  this  table  that  median  and  modal  *. .iluea 
of  drop  diameter  in  layer  clouds  on  tho  Pacific  coast  ere  not  greatly 
different  from  the  higher -altitude  observationa  in  tho  eastern  U.  3., 
but  the  range  la  much  greater.  The  95th  and  99th  percentile  values  are 
lt'4  and  67  microns  for  the  Pacific  coast  as  compared  with  23  and  29  for 
higher  altitude  layer  cloudia  in  tho  east.  Cumulus  clouds  show  larger 
median  and'  modal  values  than  layer  clouds  in  "both  areas ,  but  in  the 
Pacific  coast  area,  the  largest  ei'lareme  values  are  in  layer  clouds. 

Due  to  inaccuracies  in  the  multicylinder  determinations  of  large 
valtloa  of  mean -effective  diameter  any  indicated  values  over  35  microns 
are  quite  uncertain.  The  shape  of  the  distribution  curves j,  however, 
gives  a  reasonable  basis  for  inferring  that  values  of  mean-effective 
diameter  exceeding  50  microns  occur  in  about  1  percent  of  Pacific  coast 
clouds,  although  the  actual  values  cannot  be  reliably  measured.  The 
fact  that  precipitation  sometimes  occurs  in  maritime  climates  without 
the  appearance  of  the  ice  phase  la  fur-^ier  evldonco  of  tho  possibility 
of  the  formation  of  large  drops .  In  view  of  these  facts ,  It  ia  believed 
that  values  of  mean -effective  drop  diameter  exceeding.  100  or  even  200 
microns  might  occasionally  be  encountered  in  coastal  areas  or  over  the 
sea. 


It  has  'been  observed  that  unusually  large  values  of  meon-offective 
diameter  are  associated  with  low  values  of  liquid  water  content  and  that 
the  values  of  drop  diameter  associated  with  high  values  of  liquid  water 
content  do  not  differ  greatly  from  the  average .'  Hence .  ttie  designer  of 
ice -protection  equipment  must  provide  for  two  types  of  conditions:  high 
values  of  liquid  water  content  associated  with  average  va].ues  of  drop 
■diameter,  and  hi^  values  of  moan-effective  diameter  associated  with  low 
liquid  water  content. 

Since  the  maximum  heating  requirements  for  ice  protection  are  asso¬ 
ciated  with  maximum  values  of  liquid  water  content  it  would  npnear 
reasonable  to  use  an  average  value  of  drop  size,  for  example.  15  to  20 
microns  for  the  calculation  of  total  heating  requirements .  On  the  other 


hand,  ainco  values  of  drop  diamoter  from  about  25  to  UO  microns  occur 
In  about  5  percent  of  clouds  it  would  aoem  advisable  to  consider  drop 
dinmetora  of  30  to  Uo  microns  in  determining  the  extent  of  areas  to  bo 
heated . 

In  view  of  the  facts  that  accurate  and  rella.ble  measurementa  of 
extreme  values  of  drop  diameter  aro  not  now  available  and  that  the  fre¬ 
quency  of  encountering  such  conditions  is  uncertain,  it  would  probably 
not  be  necessary  to  consider  values  of  mean -effective  diameter  greater 
than  about  50  mlcrona  as  design  criteria  until  reliable  iLata  become 
available,  unless  experience  should  indicate  that  designs  baaed  on 
smaller  vn.lues  are  Inadequate . 

In  a  study  of  the  dlatributlon  of  liquid  water  in  clouds  as  a  fac¬ 
tor  in  aircraft  icing,  It  is  convenient  to  divide  all  clouds  into  two 
general  classes,  cumulus  clouds  and  layer  clouds.  Cumulus  clouds  are 
large  in  vortical  extent,  small  in  horizontal  area,  and  cover  only  a 
relatively  small  fraction  of  the  total  air  mass.  Layer  clouds  may  be 
further  divided  into  three  types;  first,  stratus  and  a tr a to -cumulus 
which  generally  form  near  the  surface  and  rarely  extend  to  more  than 
6  or  7  thousand  feet  above  the  ground;  second,  alto -cumulus ,  consist¬ 
ing  of  layers  at  higher  levels  which  may  be  quite  extensive.  These 
layers  are  usually  leas  than  2,000  feet  in  •vertical  extent  and  only 
rarely  exceed  3^000  feet.  Tho  thicker  layers  usually  show  a  strong 
tendency  to  change  to  ice  crystals.  The  third  mein  type  of  layer  cloud 
la  alto-stratus.  These  clouds  are  usually  associated  with  largo  storm 
areas  and  are  often  very  largo  both  in  vertical  and  horizontal  extent. 
Alto-stratus  clouds  do  not  cause  apareciable  icing  as  they  are  composed 
almost  entirely  of  ice  crystals . 

Figure  4  presents  frequonc;^dlstrlbutlons  of  observed  values  of 
liquid  water  content  in  layer -type  clouds.  These  data  have  been  dividod 
into  three  groups  on  tho  basis  of  altitude;  first,  observation  from 
below  10,000  feet  pressiu’e  altitude,  second  observation  above  that  level, 
and  third,  the  highest  altitude  range  for  which  enough  observations  were 
available  to  give  some,  idea  of  averoge  conditions.  Looking  first  at  the 
data  for  eastern  U.  3.,  it  is  noted  that  a  large  majority  of  tho  obser¬ 
vations  were  at  altitudes  below  10,000  feet,  duo  to  the  predominance  of 
strato -cumulus  clouds  formed  in  the  upper  part  of  the  surface  turbulence 
layer.  Actually  more  than  half  of  all  the  observ'  ‘^ions  were  in  the  al¬ 
titude  Interval  between  3,-000  and  6,000  feet.  The  ;.lto -cumulus  clouds 
in  the  region  above  10,000  feet  show  a  lower  average  liquid  water  con¬ 
tent  and  low  relative  frequencies  of  high  values.  This  tendency  toward 
lower  values  continues  in  the  small  groups  of  12  observations  from  above 
lit-, 000  feet. 

The  data  from  the  Pacific  coast  and  Plateau  area  show  the  effects 
of  higher  terrain.  The  zone  of  strato -ciunulus  clouds  ertenda  to  above 
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10,000  fee’o  in  this  area  and  aa  a  roault  there  ia  not  rrA'.oh  d:!fforenco  in 
the  diatritutlon  for  alnitudea  above  and  belov  10,000  feei.'.  Ihe  od.-or- 
vationa  frou  the  highes':  altitudea  at  which  data  are  available,  hc;/cver, 
show  the  same  tenaenoy  towards  lower  valaoa  of  liq.uld  varer  ccnnono  nhal 
waa  noted  in  the  data  for  eaacern  U.  S. 

In  order  to  make  a  reasonable  est.lris.ro  of  conditlona  to  be  .erected 
at  higher  altitudea  it  la  well  to  consider  the  physical  procesaoa  of 
cloud  fornation  in  search  of  some  reliable  bnaic  for  extrapoxa ’..icri  from 
the  available  data .  Kith  the  exception  of  alto-stratus  cloud  ayetoma, 
layer  clouda  are  generally  fonraDd  by  lifting  r-hrough  a  11ml  cod  altitude 
range,  rarely  exceeding  3,000  feet  above  the  oono.erxaation  level.  If  it 
ia  assumed  that  the  average  vertical  displacement  which  ccc'ors  during 
the  formaticn  of  layer-typo  clouds  is  indeijendent  of  altitude  end  tem¬ 
perature,  tiion  the  llguld  water  content  would  be  expected  to  diminish 
with  temperat\;re  in  conformity  with  the  decrease  in  water  ■'/apot  avail¬ 
able  for  condensation. 

It  is  also  to  be  expected  that  average  and  extreme  values  of  liquid 
water  content  should  be  Influenced  by  the  probability  of  the  forracion 
of  ice  crystals,  since  the  tranaformtion  of  water  to  ice  reSulns  in  an 
linn.odiato  and  rapid  reduction  in  the  liqui.d  water  content.  T?:ere  is  con¬ 
siderable  controversy  at  present  concerning  the  mechanism  of  Ice  forma¬ 
tion  in  clouds,  but  lo  is  generally  agreed  that  tiio  relative  frequency 
of  occurrence  of  ice  crystals  increases  as  the  temperature  is  reduced. 

At  the  temperatures  which  prevail  au  altitudes  a'l'cii;  20,000  to  25,000  feet, 
layer  clcuda  are  usually  composed  of  ice  crystals .  Ihe  supercooled  cloud 
layers  which  do  occur  at  these  levels  are  usually  of  small  vertical  ex¬ 
tent  and  low  lie  ".ad  water  content.  The.^'e  appears  vo  be  a  s  orong  tendency . 
for  thicker  and  more  dense  layers  to  go  ovei‘  into  ice  crysT^axs . 

* 

Figure  5  shows  the  percentage  of  layer  clouds  containing  measurable 
liquid  water  in  which  ice  crystals  were  also  present.  Unfortunately, 
quantitative  data  are  not  available  on  the  relative  frequency  of  layer 
clouds  composed  entirely  of  icr  crystals,  but  the  general  improsalon  from 
many  observations  is  that  at  low  tempera  fares  these  are  more  prove  lent 
than  with,  mixed  or  liquid  clouds.  These  data  iiidicato  that  in  the  tem¬ 
perature  range  near  -10°  F  the  frequency  of  ice  crystal  formation  In¬ 
creases  rapidly.  ■  " 

These  considerations  would  lead  us  to  expect  that  the  liquid  water 
content  of  layer  clouds  would  continuously  diminish  with  lover,  tempera¬ 
ture,  this  decrease  being  especially  rapid  in  the  neighborhood  of  +10°  F. 
Figure  6  presents  the  results  of  an  analysis  of  data  from  layer  clouds 
in  eastern  U.  S.  Frequency  distributions  of  the  greatest  value  of  liquid 
water  content  observed  during  each  encounter  with  icing  were  obtained 
for  temperature  intervals  of  10°  F.  These  distributions  were  fictod  to 
Gubmel's  extreme -value  distribution  curve  to  obtain  the  most  probable 
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ninxlmum  value  per  encounter  (the  mode)  and  the  greatest  value  to  be  ex¬ 
pected  in  20  encounters  (the  95  percentile) .  Those  quantities  were  then 
plotted  as  functions  of  temperature  and  the  curves  extrapolated  to  -li-QO  F. 
The  results  aro  about  what  was  to  be  expected  except  for  the  decrease  in 
maximum  llqi;id  water  content  at  temperatures  close  to  freezing.  This 
effect  is  believed  to  be  due  to  the  fact  that  the  observations  at  higher 
temperature  were  often  so  close  to  the  ground  that  there  was  not  suffi¬ 
cient  lifting  to  produce  high  values  of  liquid  water  content.  The  de¬ 
crease  in  liquid  water  content  at  temperatures  near  10°  F  is  shown  very 
clearly . 

The  extrapolated  portion  of  these  curves  covers  the  temperature 
Interval  from  -10°  to  -40°  F  which  is  the  range  in  which  icing  is  most 
likely  to  occur  at  altitudes  between  20^000  and  30,000  feet.  This  extra¬ 
polation  is,  of  course,  uncertain  but  it  gives  a  rough  idea  of  conditions 
to  be  expected  at  high  altitudes.  The  curves  are  terminated  at  -h0°  since 
recent  laboratory  investigations  have  shown  that  ice  crystals  are  almost 
certain  to  occur  at  temperatures  below  -4o°  F.  Since  the  liquid  water 
content  in  layer  clouds  is  primarily  dependent  on  temperature  rather  than 
altitude,  a  considerable  variation  with  season  and  latitude  is  to  be  ex¬ 
pected.  It  la  estlimted  that  in  tropical  regions  and  in  the  U  S.  during 
summer  maxlmim  probable  values  would  bo  .5  g7m3  at  20,000  foot  and  .1  g/m^ 
at  30 j 000  feet.  In  northern  latitudes  and  in  the  U.  3.  during  winter, 
the  estimated  maxlmiim  values  are  leas  than  .2  g/m3  at  20,000  feet  and 
zero  at  30,000  feet. 

Consider  now  the  problem  of  estimating  the  liquid  water  content  of 
cumulus  clouds  at  high  altitudes.  Frequency  distributions  of  liquid 
water  content  in  cumulus  clouds  are  shown  in  Figure  ?•  The  data  for 
the  Pacific  coast  show  higher  average  and  extreme  values  for  the  alti¬ 
tudes  above  10,000  feet,  with  a  tendency  for  high  extreme  value  evident 
even  above  l4,000  feet,  although  the  average  is  lower  in  this  case. 

These  data  cannot  be  used  as  a  basis  for  extrapolation  to  higher  alti¬ 
tudes,  however,  since  clouds  of  this  type  in  +his  area  are  common  only 
in  winter  and  spring  and  seldom  extend  to  altitudes  much  above  15,000  feet. 

In  tho  data  from  eastern  U  S.  and  the  plateau  area,  the  number  of 
observations  from  below  10.000  feet  were  too  small  to  provide  a  repre¬ 
sentative  sample .  Data  from  higher  altitudes  from  both  areas  wore  com¬ 
bined  since  both  contained  observations  extending  to  considerable  alti¬ 
tudes  and  together  they  provide  a  sample  large  enough  for 
analysis.  These  distributions,  unlike  those  from  the  Pacific  coast, 
show  a  tendency  for  lower  extreme  as  well  as  average  values  at  the  maxi¬ 
mum  altitudes. 

The  problem  of  estimating  the  maximum  liquid  water  content  at  hi^ 
altitude  is  more  difficult  for  cumulus  and  cumulonimbus'  clouds  than  for 
layer  clouds .  Since  cumulus  clouds  are  composed  of  air  which  has  been 
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lifted  from,  near  the  surface,  the  limitation  on  molsturo  content  duo  to 
low  cortaensation  temrerature  which  exists  in  layer  clouds,  does  no  .  ap¬ 
ply  in  this  cnee.  Calculations  based  on  adia'uatic  lifting;,  without  uiix- 
Ing  or  precipitation,  indicate  that  ex'trer.iely  high  values  of  liquid 
water  contonT:  wjuld  be  found  at  aitiludea  of  from  20  to  30  thousand  feet. 
In  actual  clouds,  however,  mixing  with  dry  air  from  the  envlrorjuent  and 
the  formation  of  solid  precipitation  both  act  to  reduce  the  liquid  water 
content,  so  that  In  practice,  the  theore tically -possible  high  vel’iua  are 
very  unlikely  to  be  encountered.  Tt  has  been  enlimatoa  that  tha  ru.rimum 
values  of  liquid  water  content  likely  to  occur  under  extreme  circuiiis  .nnoos 
are  5  g/m-  at  32^  F.  and  4  g/m^  at  l^t®  F.  Siich  conditions  could  occur 
only  in  cumulus  clouds  formed  of  extremely  warm  and  moist  air  crigimting 
near  the  surface  and  extending  to  20,000  to  25,000  feet  without  precipi¬ 
tation.  They  wou]d  be  highly  locnlited  a.nd  of  brief  duration  and  limited 
to  certain  gecgi'aphical  areas  and  seasons . 

At  lower  temperatitres ,  the  reduction  of  liquid  weter  content  due  to 
the  formation  of  ice  crystals  la  a  factor  of  increasing  importance,  as 
shown  in  Figure  8.  This  figure  gives  the  frequency  of  observation  of 
ice  crystals  in.  cumulus  clouds,  expressed  as  the  percentage  of  the  to  cal 
number  of  observations  with  measureable  liquid  water  content.  A  high 
probability  of  ico  formation  is  indicated  for  temperatures  below  about 
-5°  F.  Visual  observations  of  Indi-v ideal  cumulus  clouds  and  a  study  of 
lapse  time  motion  pictiaea  of  growirig  examuiua  clouds  indicate  that  when 
the  rising  columns  reach  an  altitude  where  the  temperature  Is  in  the 
neighborhood  of  0°  F,  the  transformation  to  ice  crystals  is  usually 
evident  within  about  10  or  15  minutes',  unless  the  cloud  is  dissipated 
in  a  shorter  time  by  mixing  with  the  environment.  Under  conditions  of 
strong  convective  activity,  extending  to  altitudes  where  the  temperature 
is  below  O”  F,  the  upper  portion  of  urost  clouds  are  composed  of  ice  crys¬ 
tals  or  ice  and  water  mixed,  while  only  the  most  recently  formed  and 
actively -growing  are  composed  mainly  of  liquid  water. 

Additional  irrformatlon  concernir,g  the  icing  conditions  to  be  expected 
in  summer  cumulus  clouds  at  high  altitudes  is  contained  in  the  report  of 
the  Thunderstorm  'Project.  Icing  was  reported  in  only  about  one -half  of 
the  traverses  at  altitudes  of  from  20,000  to  26,000  feet,  while  heavy 
icing  was  reported  in  about  5  percent.  It  may  bo  inferred  from  this 
that  in  about  ono-half  of  the  clouds,  the  liquid  water  had  been  almost 
entirely  transformed  to  ico,  while  only  5  percent  were  relatively  una.f- 
fected  by  ice  formation.  Moreover,  concerning  heavy  icing,  the  report 
states  "Heavy  icing  was  encountered  very  infrequently,  and  on  no  occasion 
during  the  two  seasons  of  operation  did  ice  accumulate  to  such  an  extent 
as  to  make  impossible  safe  flight  in  the  P-6I-C  airplanes.  In  almost 
every  instance,  the  airplanes  were  in  the  clear  air  between  traverses 
for  a  period  sufficiently  lorig  to  allow  the  ice  to  evaporate ."  The  prin¬ 
cipal  reason  for  the  small  total  ico  accumulation  is  the  small  size  of 
the  individual  areas  of  heavy  lcir*g. 
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Radar  data  analyzed  "by  the  Thunders  term  Project  have  been  used  to 
Gstlmate  the  total  percentage  of  cumulonimbus  cleud  cover  at  various 
levels  in  conditions  of  airmass  Thunderstorm  formation.  The  results 
are  shown  in  Figure  9*  These  curves  should  not  be  regarded  as  precise, 
duo  to  several  approximations  and  assumptions  involved  in  the  analysis, 
but  they  are  believed  to  provide  a  reliable  indication  of  the  order  of 
magnitude  of  cumulonimbus  cloud  cover  and  its  varlotlon  with  altitude. 

Hie  solid  curves  represent  average  and  maximum  radar  cloud  coverage, 
while  the  dashed  curves  represent  visual  cloud  area  on  the  basis  of  the 
somewhat  doubtful  assumption  that  the  average  ratio  between  radar  ard 
visual  area,  as  determined  by  airplane  flights  at  10,000  feet,  is  ap¬ 
plicable  at  all  altitudes.  Since  heavy  icing  occurred  in  only  5  par- 
cont  of  high -altitude,  traverses,  it  may  be  Inferred  that  areas  of  heavy 
icing  amount  to  only  5  percent  or  less  of  the  areas  of  cloud  cover  shown 
here.  Thus,  under  conditions  of  strong  convective  activity,  heavy  icing 
conditions  would  cover  less  than  1.5  percent  of  the  airmass  at  20,000  feet 
and  loss  than  0.5  percent  at  30.000  feet. 

Another  important  point  in  connection  with  icing  conditions  in  emnu- 
lus  clouds  la  the  effect  of  kinetic  heating.  For  example,  at  a  true  air¬ 
speed  of  li-OO  mph,  kinetic  heating  will  prevent  icing  at  temperatures 
above  l6®  F.  The  formation  of  ice  crystals,  on  the  other  hand,  may  be 
expected  to  reduce  greatly  the  frequency  of  occurrence  of  high  values  of 
liquid  water  content  at  tempera txaros  below  -5°  F.  This  loaves  the  inter¬ 
val  from  l6°  F  to  -5°  F  as  the  moat  probable  temperature  range  for  severe 
icing  for  high-speed  airplanes.  Under  conditions  favorable  for  the  growth 
of  avunmer  cvimulus  clouds,  the  corresponding  pressure -altitude  range  la 
from  about  20,000  to  26,000  feet. 

Although  it  is  believed  possible  that  values  of  liquid  water  content 
as  high  as  g/m^  may  sometimes  occur  in  this  temperature  range,  it  is 
very  highly  improbable  that  such  conditions  would  be  encountered  during 
normal  operetlons. 

Figure  10  shows  the  values  of  liquid  water  content  and  drop  size 
chosen  for  use  in  the  calculation  of  heat  requirements  in  the  following 
paper  (Part  8).  These  values  are  based  on  data  for  layer -tyx)e  clouds. 

The  first  condition  la  somewhat  milder  than  the  heaviest  icing  condition 
to  bo  expected  in  layer  clouds  below  10,000  feet,  but  it  is  believed  to 
be  adequate  in  view  of  the  fact  that  the  airplane  will  be  below  10,000  feet 
for  only  a  small  port  of  the  time.  The  second  condition  is  conservative 
in  view  of  the  fact  that  it,  too,  applies  only  to  climb  and  descent.  The 
third  and  fourth  conditions  apply  to  the  high -altitude  region  for  which 
conditions  must  be  estimated.  They  loth  are  believed  to  be  quite  con¬ 
servative  as  to  liquid  water  content  but  perhaps  not  as  to  drop  size. 

An  ice  protection  system  designed  for  these  conditions  would  in  all 
probability  function  adequately  in  practically  all  icing  conditions  likely 


■^X)  be  enrjountored  In  layer -t'/pc  clouda.  It  should  be  ronninbi.  red ,  however 
that  occasional  encounters .  with  cuiaulua  clouds  it.ay  occitc.  Though  ^u'h 
encounters  would 'be  infrequent  and  of  short  d'urnoion,  they  v’cnlG  prcr.ucj 
a  very  severe  overloadiiit^  of  the  anti -icing  syscen,  and  would  proto  ily 
roaclt  in  the  forirntion  of  residual  ico  on  wir^g  and  ta-il  .surfaces  back 
of  the  heated  areas.  The  questions  of  what  effect  such  ice  fort'iatlons 
might  have  on  performance,  and  how  they  might  bo  removed  if  the  effect 
is  serious,  are  protlome  deserving  careful  Consldoretion.  oimilar  prob¬ 
lems  may  arise  in  connection  with  infrequent  encounters  with  clouds  c on- 
posod  of  very  laV'ge  drops . 

To  auiuEerlZG,  icing  conditions  at  high  altitudes  occur  in  two  cloud 
typos;  alto  cumulus  layers  with  large  horizontal  extent,  nmall  vertical 
thickness,  and  low  liquid  water  content;  and  cumulus  and  cumulonimbus 
clouds,  with  small  horizontal  area,  great  vertical  extent,  and  highly 
variable  liquid  water  contont  with  a  .small  percentage  of  clouds  having 
high  maximum  values  of  liquid  water  content. 

Prolonged  flight  in  alto -cuir.nlua  layers  may  easily  bo  avoided  In' 
most  cases  by  a  change  of  alxllude,  since  the  layers  .are. small  in  Corti¬ 
cal  thlcKneas .  On  the  other  hand,  •ihe  young,  rapidly -growing  cumulus 
clouds. with  high  liquid  water  content  are  easily  recognized  by  their 
appearance,  and  since  they  cover  only  small  areas,  they  probably  can  be 
circumnavigated  in  most  c.ases,  at  least  durir.g  daylight  hours.  ■  Tiie  total 
percentage  of  time  in  icing  conditions  during  high-altitude  flights,  'can 
thus  pro'bably  be  reduced  to  very  low  values  by  suitable  meteorological 
navigation. 

Just  how  much  can  bo  accomplished  in  this  manner  in  reducing  both 
the  maxlminn  Intenfc'i  .;y  and  total  duration  of  icing  encou.ntors  must  to 
determined  by  flight  experience  in  actual- operating  conditions.  It  is 
tlierefore  hlgrily  desirable,  that  records  of  liquid  water  content  bo  ob¬ 
tained  during  regoilar  transport  operations .  ouch  records  would  provide 
the  data,  necessary  for  the  accura.te  determination  of  the  probability  of 
encountering  vajr.ioua  values  of  liquid  water  content,  the  probable  extent 
of  icing  encounters  and  the  percentage  of  flight  time  in  icing. 

To  meet  the  ribod  for  data  of  this  kind,  the  Lewis  Flight  Propulsion 
Laboratory  has  developed  two  typos  of  recording  in.^trument.3  for  measuring 
liquid  water  content.  Those  instruments  are  now  being  install od  on  air-- 
llne  planes  for  the  collection  of  data  during  normal  flight  operations. 
Figure  11- shows  one  of  these  instrtunencs,  which  la  a  modiflcatlcn  of  the 
rotating -disk  type  of  icing  rate  meter  which  was  origiriated  at  the  Massa¬ 
chusetts  Institute  of  Techrjology.  The  ice  which  forms  on  the  front  edge 
of  a  rotatlrig  disk  is' measured  by  a  thickness  gage  - and  removed  by  a  ■ 
scraper  as  it  passes  around  the  rear  side. 


Figure  12  aliowo  the  other  inatrument,  n  preaauro-typo  inalrujnent 

dovclopod  Qt  the  Lowla  Flight  '“ropulalon  laboratory.  Thla  device  oon- 
aiata  of  a  tube  with  a  series  of  aniall  holes  facing  the  aiv  atvoam.  i^'hon 
Ice  formation  plugs  the  ho  lea,  the  decrease  in  pressure  tvprna  on  a  hoot¬ 
ing  cuiTenfc  rfhlch  melts  the  ice.  ^Tion  the  holes  are  clear,  the  increase 
in  piessurti  turns  off  the  heat  and  the  cycle  is  repeated.  The  length  of 
time  required  for  the  Ice  to  form  is  used  as  a  measure  of  the  icing  rate. 
The  heating  circle  is  recorded  on  a  film  and  is  also  indicated  by  a  light 
on  the  Irij troniGnt  panel  which  gives  the  pilot  a  useful  visual  lr;dica-ion 
of  the  icing  rate . 

These,  end  perhaps  other  instruments,  when  used  during  regular  oper¬ 
ations,  will  prcvil-'  the  data  necessary  for  the  design  of  anti -Icing 
systems  vtiica  w  J.  .1  '.iro'-t  1'='  ;aa.te  protection  with  the  lowest  po3aibj.e 
penalties  In  terrrij  et  perl ormanco  and  ptiylond. 


CRITICAL  CONDITIONS  FOR  ICE  FORMATION 
ON  AN  UNHEATEO  AIRPLANE 
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Figure  1 

FREQUENCY  DISTRIBUTIONS  OF  CLOUD-DROP  DIAMETER 
IN  LAYER-TYPE  CLOUDS  IN  EASTERN  U.  S. 
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Figure  3 


FREQUENCY  DISTRIBUTIONS  OF  UQUID  WATER 
CONTENT  IN  LAYER  TYPE  CLOUDS 
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FREQENCY  OF  ICE  CRYSTALS  IN  LAYER  CLOUDS 
WITH  MEASURABLE  UOUID  WATER 


Figure  5 

RELATION  BETWEEN  MAXIMUM  LIQUID  WATER  CONTENT  AND 
TEMPERATURE  IN  LAYER-TYPE  CLOUDS  (EASTERN  US.) 
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FREQUENCY  OF  OBSERVATION,  PERCENT 


FREQUENCY  DISTRIBUTIONS  OF  UQUID  WATER 
CONTENT  IN  CUM  ULUS -TYPE  CLOUDS 
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Figure  7 

FREQUENCY  OF  ICE  CRYSTALS  IN  CUMULUS  CLOUDS 
WITH  MEASURABLE  LIQUID  WATER 
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Figure  8 


VERTICAL  DISTRIBUTION  OF  RADAR  AND  VISUAL  CLOUD 
COVERAGE  UNDER  AIR-MASS  THUNDERSTORM  CONDITIONS 
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ASSUMED  ICING  ATMOSPHERE 
FOR  GAS-TURBINE  POWERED  TRANSPORT 
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ICING  RATE  METERS  ON  B-26 
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SOME  ASPECTS  OF  AIRCRAFT  SAFE'PY  -  ICING, 

DITCHING  AriD  FIRE 

3.  THERMAL  ICE  PROTECTION  FOE  HIGH-SPEED 
TRANSPORT  AIRPLANES 

By  Thoms  F.  Gelder  and  Stanley  L.  Koutz 
Lewis  Fliglit  Propulsion  Laboratory 

The  need  lor  protecting  aircraft  aip.in;,t  icing  and  tho  opera¬ 
tion  of  current  thermal  methods  of  protecti'.ni  *n  the  air-transport 
opera t  on  field  are  well  known.  The  adv-;nt  of  the  high-speed, 
h-gh -altitude,  gas -turbine -powered  t.r..nf;'pc presents  certain  new 
considei'ations  in  the  attainment  of  prctuctlcn  and  tue  operation 
of  these  aircraft  in  icing  conditions.  The  purpose  cz’  this  paper 
is  to  discuss  and  evaluate  these  prc'b.lems  b"  re-examining  the 
methods  of  protection  and  the  heating  i-oquiro.Tients,  arid  then  to 
detei'm.ne  the  cost  in  terms  of  airplane  performance  and  operational 
penalties  of  providing  icing  protection. 

The  ef iect  of  speed  cn  the  icing  protection  problem  should  be 
considered.  The  variation  in  airfoil  heating  requirement  in 
Btu  per  hour  per  foot  span  with  . lignt  speed  is  illustrated  in 
figiirs  1.  The  speed  at  which  the  min'mem  surface  tempez’atui’e 
attains  32°  F  because  of  frictional  or  aeiodynamlc  heating  is  also 
indicated.  Attainment  of  this  temperat’ii’e  due  to  speed  alone  would 
eliminate  the  need  for  icing  protection.  A  flight  speed  of  approxi 
mately  640  miles  per  hour  is  necessary  in  an  icing  cloud  at 
15,000  feet  and  0°  F  to  realize  this  free  protection.  Inasmuch  as 
this  flight  speed  is  above  that  presently  being  considered  for 
turbine  powered  transports,  protection  probably  will  be  required 
in  cruise  as  well  as  in  climb  and  descvvnt.  Below  the  critical 
speed,  the  heat  required  to  evaporate  the  water  increases  with 
increasing  flight  speed.  These  requlzvmeiits  are  based  on  evapo¬ 
rating  the  watei*  upon  impingement  with  th^..  airfoil  in  an  icing 
cloud  with  a  liquid -water  content  of  0.4  gram  per  cubic  me izer  and 
a  drop  size  of  20  microns.  Because  of  the  direct  increase  in  rate 
of  water  interception  with  speed,  Pha  heat  required  at  500  miles 
per  hour  is  about  four  times  that  at  a  flight  speed  of  250  miles 
per  hour;  this  lower  speed  is  representative  of  several  current 
transports.  When  the  same  icing  condition  and  a  fixed  flight  speed 
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are  ascuraed,  the  total  heat  required  to  evapcx’&to  the  water  can 
also  bo  shown  to  increase  w  th  alt!tude.  At  altitude,  a  gi’oat' r 
percentage  of  water  will  strike  the  airfoil  because  the  x'educ  ;d 
drag  i'oroes  on  the  water  droplets  act  to  deflect  LhCui  oot  of  the 
path  of  the  advancing  airfoil.  Foi  tiuiatoly,  the  cloud  liquid - 
v'ater  content  generally  decreases  with  increasing  altitude,  and 
the  inaxlmvun  heating  requlreiaont  for  complete  evaporation  of  the 
intercepted  water  usually  ocenrs  in  the  medium  altitude  range, 
that  Is,  about  15,U00  feet 

Since  present  hot-gas  wing-heating  dosigias  provide  protec¬ 
tion  by  evaporating  the  intcrerptod  water  over  a  finite  area,  a 
marked  increase  in  heat  j.'equired  with  speed  and  altitude  Is  rep- 
I'osontative  of  that  to  be  expected  fi-om  applying  such  a  system 
to  protect  the  high-speed  turbine -powered  ti'anapert.  It  is 
apparent  that  the  400  percent  increase  in  h. ating  requirement 
due  to  increasing  the  speed  from  250  to  500  miloc  per  hour  makes 
it  desirable  to  obtain  a  more  economical  means  of  protection  or 
utilize  a  heat  source  that  has  a  minimum  effect  on  airplane  oper¬ 
ation.  Current  research  at  the  MCA  Lewis  laboratory  has  ind.ica- 
ued  that  a  largo  savings  in  heat  can  be  realized  by  the  use  of  a 
cyclic  do-.cing  system.  With  this  system,  .nstead  of  evaporating 
the  intercepted  water,  small  amounts  of  ice  are  aulowed  to  form 
on  the  surface;  heat  is  then  applied  to  melt  quickly  the  be  i 
between  the  ice  and  the  surface  thereby  allowing  the  i ce  to  be 
removed  by  aerodynamic  forces.  After  removal  of  the  ice,  heating 
is  terminated,  the  surface  tempera tui*e  drops,  and  ice  reforms. 

When  this  process  is  repeated  in  a  regular  cycle,  simill  portions 
of  the  entire  airplane  can  be  de-iced. in  succession. 

A  short  movie  presented  at  the  conferv^nco  Illustrates 
electric  cyclic  de-icing  in  the  icing  research  tunnel  of  the 
Lewis  laboratory.  The  first  scene  shows  the  resultant  ice  forma¬ 
tion  on  the  leading  edge  of  a  lov  drag  airi'oil  after  an  icing 
period  of  15  minutes  with  no  heat.  The  next  sequence  presents  an 
unsuccessful  attempt  at  de-.cing.  Fellowing  a  3 -minute  icing  period 
at  276  m.les  per  hour,  10°  F,  and  0.5  gram  per  cubic  meter,  the  heat 
-s  turned  on  for  15  seconds.  Failure  to  remove  the  ice  -was  due  to 
inadequate  heating  which  amounted  to  8  watts  per  square  inch  over 
the  first  10  percent  chord.  In  the  next  sequence,  successful 
de-icing  is  achieved  at  the  same  conditions  but  w. th  a  different 
heat  input.  In  this  case,  the  heat  densities  varied  from  14  watts 
per  square  inch  near  the  loading  edge  to  8  watts  per  square  inch 
at  the  aft  portion  of  the  heated  area.  A  continuously  heated  strip 
1/2  inch  wide  at  the  stagnation  point  was  also  employed  w;.th  a  boat 
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SOME  ASPECTS  OF  AIRCRAFT  SAFETY  -  ICING, 
DITCHING  AJID  FIRE 

8.  THEPiMAL  ICE  PROTECTION  FOR  HIGH-SPEED 
TRANSPORT  AIRPLANSS 

By  Thoinas  F.  Gelder  and  Stanley  L.  Kcutz 
Lewis  Fliglit  Propulsion  Laboratory 


The  need  Por  protecting  ai’i’craft  again,  t  ic"ng  and  the  opera¬ 
tion  oP  current  thernial  mctliods  oP  prcT/Jctien  n  the  air-trancpcrt 
opera t  on  field  are  well  known.  The  adv.iit  of  the  high-speed, 
h- gh -altitude,  gas-turblne-poweied  tran ' pc crecents  certain  new 
coni^ideiations  in  the  attainment  oP  prctoctlrn  and  tnc  opei’ation 
of  these  aircraft  In  icing  conditions.  Tiie  purpose  ai‘  this  paper 
is  to  discuss  and  evaluate  these  problems  b"  re-examining  the 
methods  of  protection  and  the  heating  rey^uircmonts,  end  then  to 
determine  the  cost  in  terms  of  airplane  performance  and  operational 
pcnalt'.es  of  providing  icing  protection. 

The  si  'ect  of  speed  on  the  icing  protection  problem  shoui.d  be 
considered.  The  variation  in  airfoil  heating  requirement  in 
Btu  per  hour  per  foot  span  with  . lignt  speed  is  illustrated  in 
figure  1.  The  speed  at  which  the  min' mum  surface  temperatui’e 
attains  32°  F  because  of  frictional  or  aeicd;;/naml c  heating  Is  also 
Indicated.  Attainment  of  this  temperat’ui’e  due  to  speed  alone  would 
eliminate  the  need  for  icing  protection.  A  flight  speed  of  approxi¬ 
mately  640  miles  per  hour  is  necessary  in  an  icing  cloud  at 
15,000  feet  and  0°  F  to  realize  this  fi-eo  protect  Ion.  Inasmuch  as 
this  flight  speed  is  above  that  presently  being  considered  for 
turbine  powered  transports,  protection  probably  will  be  required 
in  cruise  as  well  as  In  climb  and  descent.  Below  the  crltxcal 
speed,  the  heat  required  to  evaporate  the  water  increases  witii 
increasing  flight  speed.  These  requirements  are  based  on  evapo¬ 
rating  the  water  upon  impingement  with  Pho  airfoil  in  an  icing 
cloud  with  a  liquid-water  content  of  0.4  gram  per  cubic  mccer  and 
a  drop  size  of  20  microns.  Because  of  the  direct  increase  in  rate 
of  water  interception  with  speed,  the  heat  required  at  500  m.les 
per  hour  is  about  four  times  that  at  a  flight  speed  of  250  miles 
per  hour;  this  lower  speed  is  representative  of  several  current 
transports.  When  the  same  icing  condition  and  a  fixed  flight  speed 
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are  aseumtd,  tho  total  heat  required  to  evapex-at'.'  f  io  water  can 
also  be  shown  to  Inoroese  w.th  alt.1  tude.  At  altitude,  a  groat'  r 
percentage  of  water  will  st.r:‘ke  the  airfoil  because  the  i-educod, 
drag  forct:'s  on  the  water  droplets  act  to  de.loct  thou  out  of  i.he 
path  of  the  advanc  ing  airfoil.  Foi  tunatuiy,  the  cloud  liquid - 
v'ater  content  generally  decreases  with  increasing  altitude^  and 
the  maximum  heating  requirement  for  complete  evaporation  of  the 
intorcopted  water  usually  occui’s  in  the  medium  altitude  range, 
that  is,  about  15,000  feet 

Since  present  hot -gas  wing -heating  designs  provide  protec¬ 
tion  by  evaporating  tho  Intercepted  water  over  a  finite  area,  a 
marked  increase  in  heat  x-equired  with  speed  and  altitude  is  rop- 
lesentative  of  that  to  bo  expected  from  applying  such  a  system 
to  protect  the  high-speed  turbine -powered  transport.  It  is 
apparent  that  the  400  percent  increase  la  h' atlng  requirement 
duo  to  increasing  the  speed  from  250  tc  500  miles  per  hour  makes 
it  desirable  to  obtain  a  more  economical  m>;an3  of  protection  or 
utilize  a  heat  source  that  has  a  m_n'.mum  effect  on  airplane  opo;r- 
ation.  Current  research  at  the  NACA  Lewis  Jaboratory  has  indica¬ 
ted  that  a  largo  savings  in  heat  can  be  realized  by  tho  use  of  a 
cyclic  do-.cing  system.  With  this  system,  .nstoad  of  evaporating 
tho  intoi-cepted  water,  small  amounts  of  ice  are  allowed  to  form 
on  the  suriace;  heat  is  then  applied  to  melt  quickly  the  bond 
between  the  ice  and  the  surface  thereby  allowing  the  ice  to  b'.- 
removed  by  aerodynamic  forces.  After  removal  of  tho  ice,  neating 
is  terminated,  tho  surface  temperature  drops,  and  ice  reforms. 

When  this  process  is  repeated  jn  a  regular  cycle,  small  portions 
of  the  entire  airplane  can  bo  do -I cod  in  succession. 

A  short  movie  presented  at  the  conference  illustrates 
electric  cyclic  de-icing  in  tho  icing  rosearch  tunrxul  of  thu 
Lewis  laboratory.  The'  first  scene  shows  the  resultant  ice  forma¬ 
tion  on  the  leading  edge  of  a  lov'  drag  airfoil  after  an  ic.ng 
pex*iod  of  15  minutes  with  no  heat.  Tha  next  sequence  presents  an 
unsuccessful  attempt  at  de-Acing.  Fcllowlng  a  3 -minute  icing  period 
at  275  m:les  per  hour,  10°  F,  and  0.5  gram  per  cubic  meter,  the  heat 
-3  turned  on  for  15  seconds.  Failure  to  remove  the  ice  was  duo  to 
inadequate  heating  which  amounted  to  8  watts  per  square  inch  over 
the  first  10  percent  chord.  In  the  next  sequence,  successful 
de-icing  is  achieved  at  the  same  conditions  but  wxth  a  different 
heat  input.  In  this  case,  the  heat  densities  varied  from  14  watts 
per  square  inch  near  the  leading  edge  to  3  watts  per  square  inch 
at  the  aft  portion  of  the  heated  area.  A  continuously  heated  strip 
1/2  inch  wide  at  the  stagnation  point  was  also  employed  with  a  heat 
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density  of  8  watts  per  square  inch.  The  ice  is  quickly  and 
cleanly  removed  within  5  to  10  seconds  after  the  heat  is  tui’ned 
on. 

In  order  to  evaluate  the  effect  of  employing  a  hot-gas  or  a 
cyclic  electric  de-icing  system  on  the  operation  of  a  turbine - 
powered  aircraft  in  icing  conditions,  a  hypothetical  turbojet 
transport  (fig.  2)  illustrates  the  magnitude  of  the  problems  .nvolved. 
This  airplane  is  assumed  to  have  a  gi'css  weigut  of  125,000  pounds, 
a  wing  span  o  '  153  feat,  and  a  cruising  speed  of  500  miles  per 
hour  fi-om  an  altitude  of  50,000  feet.  The  plane  is  powered  by 
i'our  axial -flow  turbojet  engines  placed  in  two  nacelles,  and  each 
engine  has  a  compressor  preasui'e  ratio  .f  5  and  a  rated  thrust  of 
6000  pounds.  It  is  assumed  to  climb  to  its  cruising  altitude  at 
maximum  thrust  and  the  fi;ght  speed  to  give  maximum  rate  of  climb. 

This  speed  is  approximately  350  miles  per  hour  for  all  altitudes. 

The  descent  is  also  at  350  miles  per  houi-.  The  leading  edges  of 
the  wing  and  tall,  the  elements  within  the  engine  inlet,  and  the 
windshield  are  the  critical  components  requiring  icing  protection 
considered  in  this  discussion. 

The  icing  atmosphere  discussed  in  the  j>rbvibus  paper  through 
which  th-s  airplane  is  assumed  to  fly  is  summarized  in  figure  3. 

The  variation  in  ambient  tempera tm’e,  liquid -water  content,  and 
drop  size  with  altitude  represents  a  compromise  between  the  most 
fi’equent  and  extreme  values  obtained  from  the  available  icing 
data.  Altitude  up  to  30,000  feet  has  been  divided  into  three 
parts,  the  30,000-fc.ot  condition  represents  cruise.  The  meteoro¬ 
logical  values  in  flgui'e  3,  taken  for  the  purpose  of  illustration 
and,  based  on  present  flight  data,  provide  a  reasonable  basis  for 
the  calculation  of  heating  requirements  and  the  evaluation  of 
associated  performance  and  operational  considerations  for. the 
higli-speed,  high -altitude  transport. 

The  total  and  component  turbojet  transport  heating  require¬ 
ments  in  Btu  per  hour  i’or  three  altitudes  Eind  two  methods  of 
thermal  protection  are  presented  in  flgi-ire  4.  Because  calcula¬ 
tions  indicated  the  assumed  icing  condition  from  sea  level  to 
10,000  feet  was  not  critical,  the  heat  requirements  for  altitudes 
below  10,000  feet  are  omitted. 

All  the  hot -gas  requirements  illustrated  are  for  continuous 
heating  with  wing  and  tail  requirements  be.ng  computed  for  a 
typical  double-skin  chordwise  flow  system  desj.gned  to  evaporate 
the  Intercepted  water  by  10  percent  of  chord.  The  engine  components 
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and  windshield  requirements  are  based  on  maintaining  the  mini¬ 
mum  sui'face  temperatures  Just  above  freezing. 

The  electrical  heating  requirements  are  based  on  a  conser¬ 
vative  estimate  of  the  pei'formance  of  a  cyclic  de  icing  system 
for  Wing  and  taii ,  and  continuous  electrical  heat-ng  of  engine 
components  and  windshield. 

In  all  ^cing  condit:ons  investigation,  the  total  airplane 
requirement  using  a  cyclic  electric  system,  varies  from  a  minimum 
of  about  10  percent  at  15,000  feet  to  a  maximtim  of  approximately 
30  percent  at  25,000  feet  of  the  hot -gas  requirement.  The  maxi¬ 
mum  cyclic  electric  requirement  occurs  at  25  000  feet  and  is 
about  1,000,000  Btu  per  hour  or  300  ki.lowatts.  A  considerable 
savings  also  appears  possible  for  a  cycled  hot -gas  system  and  the 
economical  performance  indicated  for  a  cyclical  method  of  protec¬ 
tion  prompts  furthei'  study  and  development. 

At  present  the  cyclic  system  entails  certain  installation, 
maintenance,  and  operational  problems.  Pending  the  perfection  of 
this  method  of  protect’ on,  the  requirements  for  continuous  heating 
with  hot  gas  w.ll  be  further  examined. 

The  continuous  hot -gas  requirement  vai’ies  from  a  maximum  of 
approximately  7,000,000  Btu  per  hour  at  15,000  feet  near  midpoint 
of  climb  to  a  minimum  of  approximately  3,000,000  Btu  per  hour  at 
25,000  feet.  The  hl^er  speed  cruising  condition  requires 
4,000,000  Btu  per  hour.  For  both  the  cyclic  electric  and  contin¬ 
uous  hot-gas  requirements  illustrated,  the  wing  and  the  tail  com¬ 
prise  over  80  percent  of  the  total  airplane  requirements. 

A  suitable  source  of  these  large  amounts  of  heat  must  be 
provided.  Approximately  25  combustion  heaters  of  the  size  used 
j.n  present  aircraft  would  be  required  to  satisfy  this  maximum  con¬ 
tinuous  heating  load  and  obviously  this  would  impose  an  unacceptable 
space  and  weight  penalty-  Because  the  turbojet  engine  generates 
large  amounts  of  heat,  it  should  be  considered  as  a  soui’ce  of 
energy  for  icing  protection.  Hot  air  or  gas  may  be  bled  from  the 
compressor  outlet,  turbine  inlet,  or  the  tail  pipe  of  a  tinrbojet 
engine.  Power  may  also  be  extracted  from  the  shaft  of  the  engine 
to  drive  electrical  generators. 

Use  of  the  turbojet  engine  as  an  energy  source,  however, 
imposes  performance  and  operational  penalties.  During  climb, 
when  the  turbojet  engines  are  operated  at  maximum  power,  the 
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extraction  of  energy  results  in  a  decrease  in  thrust  and  a  conse¬ 
quent  decrease  'n  rate  of  climb.  Figure  5  illustrates  the  decrease 
in  i-ate  of  climb  resulting  from  the  use  of  several  turbojet -engine 
energy  sources  at  an  altitude  of  15,000  i'eet  and  a  flight  speed  of 
350  miles  per  hour.  Fcr  the  continuous  hot -gas  system,  the  climb 
penalties  vary  from  about  40  percent  using  compressor -outlet  bleed 
to  approximately  4  percent  using  tail-pipe  bleed.  Less  than 
l-parcent  decrease  in  rate  of  climb  results  from  use  of  shaft 
power  to  operate  a  cyclic  electric  system-  Although  tui'bine -inlet 
and  tail -pipe  bleed  sources  have  a  small  effect  on  rate  of  climb 
as  compared  to  the  compressor  outlet  bleed  source,  the  presence 
of  products  of  combustion  and  the  necessity  for  mixing  the  hot  gas 
with  colder  air  will  complicate  their  use  in  an  anti-icing  system 
In  contrast,  the  compi’essor -outlet  air  is  uncontaminated  and  avail¬ 
able  at  directly  usable  temperatui’es. 

Because  the  vertical  extent  of  several  layers  of  icing 
clouds  is  generally  less  than  6000  feet,  a  turbine -powered  aircraft 
during  climb  would  be  in  an  icing  condition  only  a  short  time.  The 
largo  loss  in  rate  of  climb  entailed  in  the  use  of  compressor  bleed 
suggests  the  possibility  of  making  the  climb  through  the  icing 
cloud  without  protection  except  for  the  engine  components  and  then 
upon  reaching  the  cruising  altitude  the  protection  system  would  be 
turned  on  and  the  ice  removed.  Calciilations  indicate,  however, 
that  the  increased  di'ag  due  to  a  5-mlnute  unprotected  icing 
encomter  near  15,000  feet  would  result  in  a  climb  penalty  in  the 
same  oidei-  of  magnitude  as  that  caused  by  the  use  of  compressor 
bleed  fcr  protection.  In  addition,  the  possible  inability  of  a 
hot-gas  system  to  remove  the  ice  formation  quickly  enough  to  pre¬ 
vent  runback  and  refreezlng  may  result  in  a  drag  penalty  for  the 
remainder  of  the  flight.  It  ^s  therefore  apparent  that  little  or 
no  benefit  can  be  derived  in  rate  of  climb  by  allowing  the  aircraft 
to  ice  foi'  even  a  short  period  of  time.  Also,  because  the  duration 
of  icing  in  climb  will  be  small,  these  seemingly  severe  perfor¬ 
mance  penalties  will  be  experienced  only  briefly. 

In  the  turbojet  ti'ansport  cruise  condition,  the  engines  are 
normally  operated  at  less  than  maximum  power  so  that  heat  or  power 
can  be  extracted  from  the  engine  and  constant  thrust  raantained  by 
increasing  the  fuel  flow.  This  increase  in  fuel  flow  together 
with  the  installed  weight  of  the  ice -protection  equipment  reduce 
the  allowable  pay  load.  The  reduction  in  pay  load  as  a  function 
of  the  percent  of  flight  timo  in  which  the  anti -icing  equipment  is 
in  operation  on  a  long  range  high-altitude  flight  is  shown  in 
figure  6.  The  reduction  in  pay  load  at  0  percent  flight  time  is 
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due  to  the  installed  weight  of  the  equipment,  and  the  rlope  of 
the  c\a've3  is  a  measure  of  the  fuel  consumed  in  prov.ditig  ^cing 
protect. on  The  perfoi'mance  penalties  for  the  hot  gas  systems 
are  "based  on  continuous  heating;  for  the  electracal  system  oper¬ 
ating  ■"h’om  shaft  power,  cyclic  operation  is  assumed. 

As  stated  in  the  previous  paper,  tue  existence  of  liquid 
water  at  an  altitude  of  30,000  feet  _s  uncertain  If  icing  con- 
d.ticns  do  exist,  the  horizontal  extent  is  believed  to  be  small 
and  the  possibil.Lty  of  avoiding  such  clouds  favorable.  The  anti - 
icing  t^mo  will  therefore  be  but  a  small  percentage  of  the  total 
flight  time.  Therefore,  the  merits  of  a  heat  source  for  provi¬ 
ding  protection  during  cruise  should  also  be  evaluated  on  the 
basis  of  short  icing  encounters  where  the  installed  wei^giit  is  the 
primary  consideration.  On  this  basis,  the  hot -gas  system  operated 
from  compressor -outlet  bleed,  tail-pipe  bleed,  or  turbine-inlet 
bleed  appear  most  favorable-  The  turbine -inlet  curve,  omitted  for 
the  sake  of  clarity,  falls  only  slightly  above  the  tail-pipe  curve. 

The  pay -load  penalty  indicated  for  a  cyclic  electric  system 
employing  shaft  power  is  based  on  present  weights  arid  power 
requirements  and  if  these  can  be  reduced  in  future  development, 
the  use  of  a  cyclic  electric  system  will  be  more  attractive. 

The  auxiliary  power  unit  indicated  .In  figure  G  consist  of  a 
small  gas  tui'bine  unit  operating  as  a  gas  generator.  Althouf^  it 
is  the  lightest  of  the  several  auxiliary  units  investigated,  it 
is  obviously  too  heavy  to  make  this  source  attract.ve-  If,  how¬ 
ever,  such  an  auxiliary  power  plant  is  needed  for  uses  other  than 
icing  protect  on,  a  portion  of  its  wel^t  might  be  othervrise 
chargeable . 

Ice  protection  has  been  discussed  herein  for  climb  and 
cruise  conditions.  Protection,  however,  may  also  be  required 
during  descent.  Assuming  the  descent  at  about  the  same  flight 
speed  as  the  climb,  the  heating  requirements  for  each  attitude 
would  be  approximately  the  same.  The  use  of  the  tui'bojet  engine 
as  an  energy  source  during  descent  presents  more  of  a  problem 
than  previously  .ind’  cated  for  the  climb  because  of  the  decreased 
pewer  and  thus  the  decreased  availability  of  heat  during  descent. 

A  cyclic  electric  de-icing  system  could  prov...de  adequate  protec¬ 
tion  during  descent  provided  that  the  generators  are  designed  to 
operate  over  a  wide  range  of  engine  speeds,  and  the  turbine -inlet 
and  tail -pipe  tempera  tiires  were  sufficient  to  provide  protection 
even  with  low  engine  power.  Although  use  of  compressor  bleed  in 
descent  is  inadequate  to  protect  the  entire  aircraft,  because  of 
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the  very  low  tetapei’atui-e  available  at  the  compressor  outlet, 
ser  ous  icinrj  ia  the  eng'ne  could  be  prevented  with  this  method. 
The  vex'tical  extent  o'  possible  Icing  clouds  is  small  and  tlie 
nox'ijal  ra..e  of  desc-^nt  large:  therefore  tliu  time  ’a  icing  during 
descent  is  even  less  than  dm'ing  climb-  Furthermore,  it  would 
be  possible  at  any  time  dui-'ng  de^.cont  to  level  out  for  a  short 
period,  increase  the  engine  power,  and  de-ice  the  airplane. 

Although  the  penalty  on  rate  of  climb  Is  large  for  the  com¬ 
pressor  bleed  source,  its  use  with  a  hot-gas  protect  on  system  is 
desirable  because  c f  the  low  Installed  wol^^it  and  the  freedom 
from  products  of  combvistion.  The  cemuressor -outlet  bleed  per- 
foi’mance  penalties  just  presented  were  based  on  a  current  turbojet 
engine  with  a  rated  comp. ‘esscr  pressure  x'atic  of  5.  Engines  to 
be  developed  for  futui’e  use  may  operate  at  considerably  higher 
pressiu'e  ratios.  Figui'e  f  shows  the  effect  of  increasing  the  com¬ 
pressor  pressure  ratio  on  the  change  :n  rate  of  climb  at 
15,000  feet  and  350  miles  per  hour.  Tho  penalty  j,iDposed  on  rate 
of  climb  lessens  as;  the  p.x'eosu.''o  rat'o  is  Increased,  varying 
from  about  40  percent  .'or  a  pressure  ratio  of  5  to  about  25  per  ¬ 
cent  .for  a  pressuro  ratio  of  10,  a  cliongc  o.*"*  40  percent.  The 
penalties  on  rate  -f  climb  due  to  use  of  turbine -inlet  bleed, 
tall -pipe  bleed,  and  shaft  power  extraction  are  inappreciably 
affected  by  variat  on  In  pressiu'e  rat.o.  Increasing  tho  pressure 
ratio  from  5  to  10  also  i-esults  in  a  slight  improvement  In  pay 
load  during  the  cruise  condition-  It  appears,  therefore,  that 
compressor  bleed  should  become  even  more  attractive  as  a  source 
of  heat  for  ice  protection  of  future  turbojet  transports  u.sing 
hi^er  pressure  ratio  engines . 

The  preceding  discuss  on  has  been  related  only  to  the 
tvirbo  Jet -powered  transport.  Considora  lion  of  the  icing  protec¬ 
tion  -oroblsm  of  a  turbine -propeller  aircraft  is  also  of  interest. 
The  primary  difference  in  tho  icing  protection  prctlcm  between 
the  turbine -propeller  transport  as  cempared  to  tho  turbojet 
involves  tho  use  of  the  tui’bi  no -propeller  engine  as  an  energy 
source.  In  a  turbine -propeller  engine  the  low  pressure  existing 
in  the  tall  pipe  Is  probably  inadequate  to  force  the  hot  gas 
through  the  anti  -icing  system  and  the  extraction  of  cni:;rgy  from 
the  I’omainlng  engine  scui’ces  is  more  costly  in  terms  of  engine 
performance  because  the  mass  flow  through  the  turbine -propeller 
engine  will  be  less  than  that  of  a  turbojet. 


Evalxiating  an  icing  protection  system  for  the  turbine- 
propeller  transport:  therefore  warrants  greater  con3j.deration  of 
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the  low  pcrfcrmancc  penalty  aoLor’cos  such  as  shaft  power  to  opera- 
ate  a  cyclic  electric  system  or  hot  gas  from  the  lurbiuj  *niet. 

In  conclusion,  icing  protoetJon  is  raqu  red  for  the  high¬ 
speed,  high  alt j  tude,  gas  tircbine- powered  ti-anjport.  Althougii 
the  airplane  heating  requirements  ha*'e  been  man-lcedly  inci’ eas'.jd 
from  present  day  values  by  the  introduction  o'.'  the  turb.'.ne -powered 
transport,  several  factoi's  tend  to  alle.late  this  -ucroaood  ufo  t- 
Ing  load.  A  s'zeable  reduction  In  these  roqulroments  is  pocs.'ble 
by  the  satisfaoi.ory  development  of  cyclic  system,  us  ng  either 
electin' cal  heating  or  hot  gas.  A  suitable  soiu'ce  for  tills  energy 
is  read-ly  available  in  the  turblns  engine  .tself.  The  resultant 
performance  or  operat.onal  jjenalties  incui’red  in  exti'acting  energy 
from  the  engine  will  be  dependent  on  the  source  employed.  The 
difficulties  arising  from  the  use  of  any  cno  source  can  be  obviated 
by  employing  a  suitable  combination  of  sources,  as.  for  example: 
engine  protection  from  tmb  ne-inlet  bleed,  or  shaft  power  in  con 
Junction  with  compressor  bleed  itr  cyclic  or  continuous  protection 
o'  the  wing  and  tail  Gur.'acos. 

Although  the  perfornahee  penalties  associated  with  providing 
icing  protection  from  some  of  the  available  enc-rg;y-  soui’cos  appear 
large  during  climb  and  descent  of  the  aircraft,  these  penalties 
will  probably  bo  in  effect  for  only  a  short  t  me;  and  the  icing 
conditions,  .If  any,  during  cruise  will  be  of  small  extent  and  the 
possibility  of  avoiding  them  favorable. 

The  exact  nature  of  the  ice  protection  system,  its  operation 
and  cost  will  be  dependent  upon  the  Gpec..f  c  character,  st  cs  oi 
the  airplane  and  engine,  the  flight  plan,  and  the  icing  cendioions 
it  may  encounter. 
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9.  AIECRAiT?  OPERATIONAL  PEOBI.EMS  INVOL\'ED  IN  DITCHD^G 

By  Lloyd  J.  Fisher 
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SOME  ASPECTS  OF  Ar^CR^FT  SAFETY  -  ICING,  EITCHING,  AND  FIEE 
9.  AIRCE.AF’T  OPERATIONAl.  PP.OBLEMS  INVOLVED  IN  DITCHING 
By  L3oyd  J.  Fisher 
Langley  Aeronautical  Laboratory 

This  paper  presents  some  of  the  operation  problems  associated  with 
ditching  and  the  effect  of  design  parameters  on  ditching  performance. 

A  ditching  operation  can  be  divided  into  four  main  parts:  (l) 
landing,  (2)  escape  from  the  airplane,  (3)  survival  in  the  water,  and 
(4)  rescue. 

The  NACA  has  been  mainly  concerned  with  the  landing  operation. 
Consequently,  the  approach,  landing  technique,  dynamic  behavior,  and 
structural  damage  during  ditch '.ng,  which  have  been  investigated  in 
detail,  are  the  phases  discussed. 

Three  types  of  motion  are  used  herein  to  describe  ditching  beha*.  - 
ior.  One  type  of  motion  is  called  a  dive.  In  this  motion  the  airplane 
assumes  a  negative  attitude  and  partially  submerges.  The  decelerations 
are  generally  high.  This  is  the  most  undesirable  motion  encountered 
and  is  most  prevalent  in  bomber-type  airplanes  due  to  failure  of  the 
weak  bomb-bay  doors  in  the  fuselage  bottom.  Another  motion  is  called 
trimming  up.  This  term  is  used  to  describe  a  positive  rotation  about 
the  transverse  axis  that  occurs  soon  after  landing.  It  occurs  with 
airplanes  that  have  pronounced  curvature  on  the  aft  fuselage  and  very 
frequently  occurs  with  transport  airplanes.  The  third  type  of  motion 
is  called  a  smooth  run.  In  this  behavior  there  is  no  apparent  oscil¬ 
lation  about  any  axis  and  the  model  gradually  settles  into  the  water 
as  the  forward  speed  decreases.  This  is  the  best  ditching  behavior 
and  transports  in  general  approach  this  type  of  motion. 

Figure  1  summarizes  a  typical  ideal  landing  configuration.  It 
is  realized  that  circumstances  may  be  such  that  all  the  desirable 
features  shown  here  cannot  be  achieved  in  every  ditching.  For  example, 
if  all  engines  have  failed. the  ditching  must  necessarily  be  made  with¬ 
out  power.  However,  if  fuel  is  running  low  and  it  is  known  that  a 
ditching  is  inevitable  the  landing  should  be  made  before  the  fuel  Is 
exhausted  so  that  a  normal  power  approach  can  be  used  to  give  better 
control  and  lower  speed.  The  lowest  forward  and  vertical  speeds 
possible  are  desirable  as  damage  is  intensified  by  increased  speed. 

As  much  flap  deflection  should  be  used  as  adequate  control  and  rea¬ 
sonable  vertical  speed  permit.  In  order  to  reduce  gross  weight  and 
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lending  spend  all  dlspoGabio  goer  and  cargo  should  be  jottisonod. 
Eomaining  gear  and  cargo  should  be  secured  and  no  hatches  or  doors 
should  rorinin  open  in  the  lower  part  of  the  fuselage.  Tiie  iending 
gear  should  he  retracted  ns  an  extended  gear  will  cause  high  decelera¬ 
tion  and  diving.  Generally  a  nose-high  attitude  is  desirable.  A  near- 
level  landing  attitude  sometimes  causes  an  airplane  to  dive  but  in  any 
case  the  high  speed  associated  with  a  level  landing  usually  produces 
high  bottom  loads  and  consequent  damage.  Core  should  be  exercised  to 
prevent  stalling  to  avoid  lack  of  control  and  the  possibility  of  failing 
onto  the  water.  This  might  produce  excessive  structural  damage  and  such 
damage  is  the  cause  of  most  ditching  difficulties. 


In  order  to  obtain  the  optimum  ditching  in  a  heavy  sea,  consider¬ 
able  skill  is  required  by  the  pilot  in  making  touch-down  at  the  best 
point.  The  sea  may  he  so  irregular  that  a  groat  amount  of  judgment 
will  be  needed  in  determining  the  predominant  wave  form.  However, 
some  principles  that  should  he  followed  can  be  illustrated  on  a  simple 
wave  system,  figures  2  to  4.  It  is  usually  best  to  land  parallel  to 
waves  or  swells  unless  a  very  strong  wind  is  blowing  in  which  case  a 
landing  into  the  wind  may  be  best.  In  a  landing  parnllol  to  the  wavas 
(fig.  2)  the  contact  should  ideally  be  made  near  the  crest  on  the 
leeward  side  so  that  ns  the  wave  progresses  the  airplane  will  remain 
near  the  crest  longer.  The  trough  of  waves  (fig.  5)  is  less  safe  for 
first  contact  because  of  the  possibility  of  getting  a  wing  tip  in  n 
crest.  If  the  wind  is  strong  enough  so  that  a  cross  wave  landing 
(fig.  4)  is  best,  the  ideal  situation  is  to  make  contact  near  the  crest 
of  the  wave  on  the  downward  slope  so  that  the  airplane  can  in  effect 
ease  down  the  slope  into  the  water.  A  contact  on  the  upward  slope 
will  result  in  high  impact  loads  and  if  the  force  is  applied  near  the 
tail  it  might  cause  the  airplane  to  nose  into  the  next  wave.  Tiie 
principles  illustrated  in  figures  2  to  4  admittedly  are  difficult  to 
follow,  but  the  Coast  Guard  considers  them  feasible  and  has  written 
them  into  its  pilot's  operational  manual. 


In  a  heavy  sea  even  an  airplane  with  very  good  djtching  charac¬ 
teristics'  can  be  thrown  into  violent  motions  and  receive  ex':,  nsive 
damage  if  touch-down  is  poorly  executed.  Figure  5  shows  typical 
longitudinal  decelerations  for  a  transport  model  landed  across  waves 
and  in  calm  water.  A  maximum  value  of  about  6g  is  shown  for  d-foot 
waves  but  this  value  can  be  exceeded  in  steeper  waves.  The  ma.ximum 


deceleration  In  2— -foot  waves  is  about  4g,  practically  the  same  as  in 
2 


calm  water.  For  landings  in  calm  water,  across  small  waves,  or  par¬ 
allel  to  large  waves  transports  generally  make  fairly  smooth  runs  and 
sustain  less  damage  than  other  large  airplanes  such  as  bombers.  The 
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primary  reason  for  this  is  that  transports  have  fewer  week  doors  in 
the  bottom  and  the  requirements  of  cargo  floors  and  pressurization 
add  to  the  fuselage  strength.  It  would  seem  that  much  better  ditching 
characteristics  ai-e  needed  in  transports  than  in  bombers  because  of 
the  largo  number  of  untrained  transport  passengers  involved. 

In  order  to  safeg\iard  against  injury  oven  in  a  mild  ditching, 
consideration  needs  to  be  given  to  the  location  of  passengers  in  the 
airplane  (fig.  6).  No  ditching  stations  should  be  just  aft  of  a 
weak  door  or  hatch  in  the  fuselage  bottom,  as  such  a  position  is 
likely  to  bo  overwhelmed  by  water  entering  through  the  opening.  The 
safest  position  is  in  the  forward  part  of  the  fuselage,  facing  back¬ 
ward  with  one's  back  against  a  bulkhead  or  preferobly  in  a  seat  faced 
backward.  A  properly  tightened  seat  belt  may  be  sufficient  restraint 
even  in  seats  facing  forward  but  a  much  greater  margin  of  safety  would 
be  obtained  if  the  seats  were  faced  backward.  Seats  and  safety  belts 
of  course  need  to  be  strong  enough  to  withstand  the  decelerations  that 
may  be  encountered.  In  most  ditchings  the  longitudinal  decelerations 
will  be  less  than  6g  -  a  value  that  is  tolerable  to  the  human  body  if 
it  is  properly  restrained.  In  those  transports  that  have  two  decks, 
the  up^er  deck  provides  the  better  ditching  station.  There  is  little 
likelihood  of  the  floor  of  this  compartment  being  flooded  quickly  since 
it  probably  will  not  be  damaged  and  the  wing  will  provide  enough  buoy¬ 
ancy  to  keep  it  above  the  water  for  a  reasonable  length  of  time. 

When  the  airplane  has  come  to  rest  it  is  important  to  get  out 
promptly  to  avoid  entrapment,  as  the  airplane  may  sink  quickly. 

Although  there  have  been  a  number  of  ditchings  in  which  the  airplane 
floated  for  hours,  the  prediction  of  such  extended  floatation  time 
would  require  a  knowledge,  not  immediately  available,  of  the  total 
damage  to  the  airplane.  The  only  safe  course  is  to  get  out  quickly 
and  rapid  escape  may  be  complicated  by  panic  among  the  passengers, 
particularly  if  the  escape  hatches  that  are  available  appear  to  be 
inadequate.  Escape  hatches  should  be  in  the  upper  part  of  the  fuse¬ 
lage  (fig.  7)  and  should  be  positioned  for  exit  onto  the  wing  or 
directly  to  a  life  raft.  Such  exits  are  not  usually  available  in 
transports  in  sufficient  number  to  permit  a  rapid  escape  of  a  full 
load  of  passengers. 

Design  parameters  having  an  influence  on  ditching  character¬ 
istics  (fig.  8)  include  wing  location,  landing  flaps,  tail-surface 
location,  fuselage  shape  and  strength,  and  protuberances.  It  is 
realized  that  an  airplane  is  not  designed  solely  for  ditching.  How¬ 
ever,  in  any  design  the  choice  of  parameters  is  made  for  a  variety 
of  reasons  and  it  is  intended  here  to  show  how  such  choice  may  effect 
ditching.  Actually  there  have  been  airplanes  having  generally  similar 
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air  perfcrmancG  but  with  considerable  difference  in  ditching  perform¬ 
ance  so  it  is  sometimes  possible  to  obtain  -‘mprovenionts  in  ditching 
without  loss  in  other  respects. 

Figure  9  shows  typical  wing-end -fuselage  combinations.  Since  a 
major  portion  of  the  buoyancy  available  for  keeping  tlie  airplane 
afloat  comes  from  the  wing,  it  is  undesirable  to  have  the  wing  placed 
high  with  respect  to  the  fuselage.  This  location  causes  no  detrimental 
motions  but  offers  no  buoyancy  before  the  fuselage  is  submerged .  Tests 
have  shown,  however,  that  under  some  circumstances,  a  wing  located  at 
the  bottom  of  the  fuselage  may  have  an  adverse  effect  on  hydred:,  namic 
behavior.  Flaps,  nacelles,  or  the  wing  itself,  may  enter  the  water 
at  high  speeds,  causing  high  decelerations  or  diving.  These  consider¬ 
ations  lead  to  the  conclusion  that  the  safest  position  of  the  wing 
is  slightly  above  the  bottom  of  the  fuselage  in  a  low-mid-wing 
position. 

Landing  flaps  have  had  a  noticeable  bydrodj’namic  effect  on  about 
25  percent  of  the  mode7.s  tested.  In  a  majority  of  these  cases  they 
caused  a  slight  nose-down  motion  but  in  no  case  was  a  flaps-up  con¬ 
dition  advantageous.  It  is  prefer -lie  to  have  flaps  down  in  a  ditching 
in  order  to  obtain  a  low  forward  speed  ana  eo  decrease  the  chances  of 
fuselage  damage  but  on  low-wing  airplanes  the  flaps  should  be  weak 
enough  to  fail  without  producing  an  undesirable  diving  moment.  A 
strength  less  than  about  300  pounds  per  square  foot  appears  satis¬ 
factory  in  this  respect. 

In  general,  the  location  of  the  tail  surface  has  little  effect  on 
ditching.  It  has  been  found,  however,  that  a  low  position  of  the  hor¬ 
izontal  tell  surface  can  prevent  excessive  trimming-up  where  the  fuse¬ 
lage  has  a  shape  that  produces  this  motion. 

Some  recent  transports  have  unusually  large  amounts  of  sweep-up 
on  the  after  fuselage  while  others  have  high  transverse  curvature  or 
perhaps  a  combination  of  both  (fig.  10).  A  high  degree  of  fuselage 
curvature  causes  a  suction  and  the  airplane  will  trim-up  in  the  water. 
Trimming-up  is  not  in  itself  detrimental  but  if  it  is  great  enough  the 
aii^ilano  may  leave  the  water  and  then  reenter  at  on  unfavorable  Atti¬ 
tude.  Model  tests  have  shown  motions  of  this  type  in  which  the  model 
trimmed-up  so  high  that  it  stalled  and  fell  back  into  the  water  out 
of  control.  Another  disadvantage  of  trim-up  is  that  if  the  suction 
breaks  suddenly  the  airplane  may  trim  down  fast  with  the  resulting 
impact  causing  damage. 

Fuselages  having  moderately  curved  cross  sections  (fig.  10) 
appear  to  be  as  stable  dynamically  as  those  with  nearly  flat  bottoms. 
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Since  flat  bottoms  are  subject  to  much  higher  bottom  pressures  and  are 
structurally  less  efficient  for  carrying  loads,  it  is  advantageous  to 
use  mode:''^ely  curved  sections. 

The  strength  of  the  bottom  of  the  fuselage  is  probably  the  most 
important  factoi*  influencing  ditching  behavior.  A  majority  of  air- 
plvUnes  would  ditch  well  if  the  fuselage  bottom  did  not  sustain  large 
damage.  In  order  to  determine  the  efi'ect  of  this  damage  models  are 
tested  with  approximately  scale- strength  bottoms.  Damage  always 
occurs  and  somotimes  produces  undesirable  motions  and  decelerations 
and  of  course  the  resultant  water  inflow  is  detrimental.  If  there 
are  doors  in  the  bottom  ihey  are  usually  weaker  than  the  surrounding 
fuselage  and  so  fail  more  easily  with  greater  total  resultant  damage. 

In  general  protuberances  below  the  bottom  of  the  airplane,  by 
virtue  of  their  water  drag,  tend  to  cause  a  detrimental  diving 
moment.  Exceptions  to  this  occur  when  the  protuberances  are  of  such 
shape  that  they  produce  substantial  hydrodynamic  lift  forward  of  the 
center  of  gravit3^  or  when  the  attachment  is  so  weak  that  the  pro¬ 
tuberance  tears  off.  Engines  mounted  low  on  a  low  wing  or  slung  under 
the  fuselage  as  on  some  recent  jet  airplanes  (fig.  11),  probably  will 
not  tear  off  and  will  be  detrimental.  It  is  best  for  engines  to  be 
well  above  the  bottom  of  the  fuselage  If  they  are  rigidlj’’  built  in. 
However,  when  a  strut  is  employed  (fig.  11)  the  strut  could  be  weak 
enough  that  the  installation  would  tear  off  without  causing  trouble. 
This  was  true  of  the  one  model  of  this  type  that  has  been  tested. 

Fuel  tanks  (fig.  12)  installed  under  the  wing  will  have  an  effect 
similar  to  that  described  for  engines  except  that  tanks  are  not  as 
rigidly  attached  and  so  tear  off  more  easily.  If  a  choice  is  available 
it  is  best  to  jettison  such  tanks.  Tip  tanks  probably  will  not  enter 
the  water  until  a  low  speed  is  reached  so  will  not  cause  undesirable 
behavior  and  will  offer  additional  buoyancy  if  empty. 

It  is  possible  to  obtain  good  ditching  characteristics  from  oven 
a  very  poor  ditching  airplane  or  to  fui’ther  improve  the  ditching 
characteristics  of  a  good  one  by  the  addition  of  a  ditching  aid 
(fig.  13). 

One  method  of  preventing  diving  or  nosing  in  during  the  high¬ 
speed  port  of  a  ditching  run  is  the  use  of  a  hydrofi^^p,  a  device 
near  the  nose  that  has  sufficient  hydrodynamic  lift  to  furnish  the 
required  positive  pitching  moment.  Of  a  variety  tested,  a  narrow 
planing  surface,  having  a  trapezoidal  plan  form,  and  set  at  an 
incidence  of  about  30°  to  the  fuselage  was  generally  the  most  effec¬ 
tive.  The  hydroflap  offers  an  opportunity  for  keeping  the  nose  out  of 
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tho  water  and  reducing  the  loads  on  that  part  of  the  fuselage  by 
concenti’nting  on  a  small  strong  area  the  high  water  prersuros  present 
at  landing  speeds.  Somvjtimes  it  may  be  possible  to  use  a  hatch  or  a 
speed  brake  to  serve  the  additional  function  of  a  hydroflap  with  less 
additional  weight  than  would  otherwise  be  required.  One  type  Navy 
airplane  has  employed  a  modified  hatch  as  a  hydroflap. 

Another  possibility  for  a  ditching  aid  is  a  planing  surface  tliat 
can  be  extended  on  struts  so  that  in  landing  the  airplane  rides  on 
tho  planing  surface  with  the  main  body  of  the  airijlnne  not  subjected 
to  high  water  loads  at  planing  speeds.  Almost  any  degree  of  effective¬ 
ness  is  possible  with  this  device,  depending  on  its  size;  and  the 
hazardous  motions  and  structural  damage  associated  with  ditching  can 
be  eliminated.  For  airplanes  with  solid  bottoms  such  as  transports  a 
single  planing  surface  rotaactabl.)  into  tho  bottom  would  be  suitable 
or  twin  surfaces  retrec table  into  the  sides  of  the  fuselage  or  into 
the  wings  could  be  used.  Tlie  twin-surface  arrangement  would  be  most 
desirable  if  doors  were  required  in  the  fuselage  bottom. 

In  conclusion,  It  may  be  stated  that  the  dynamic  behavior  and 
stinictural  damage  during  ditching  can  greatly  influence  survival.  The 
hazards  involved  can  be  reduced  b3^  proper  selection  of  operational 
parameters  during  the  approach  and  landing.  They  can  be  further 
reduced  in  the  design  stages  of  the  airplane  by  proper  consideration 
of  features  affecting  behavior,  ditching  stations,  and  means  of  escape. 

In  general,  safe  ditchings  could  be  accomplished  if  the  fuselage 
bottom  could  be  strong  enough  to  withstand  the  water  loads.  An  alter¬ 
nate  and  perhaps  more  feasible  solution  would  be  tho  use  of  ditching 
aids  to  keep  the  loads  off  the  fuselage  and  control  the  motions 
during  the  high-speed  part  of  the  landing  run. 
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JETTISON  DISPOSABLE  GEAR  AND  CARGO 
CLOSE  ALL  HATCHES,  ETO,  IN  BOTTOM 


Figure  1.  -  Landing  configuration. 


Figure  Z.  -  Parallel  waves  (crest). 


Figure  3.  -  Parallel  waves  (trough). 
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Figure  5.  -  Deceleration  curves. 


SEAT  FACED  BACK  AGAINST 


Figure  6.  -  Ditching  stations. 


ESCAPE  HATCHES  IN 
N  UPPER  FUSELAGE 


Figure  7.  -  Escape  hatches. 
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LANDING  FLAPS 
TAIL  SURFACES 
FUSELAGE  SHAPE 
FUSELAGE  STRENGTH 
PROTUBERANCES 


Figure  8.  -  Design  parameters. 
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Figure  9.  -  Wing  and  fuselage  combinations. 


HIGH  TRANSVERSE  CURVATURE 


MODERATE  TRANSVERSE  CURVATURE 
Figure  10.  -  Fuselage  shapes. 


ENGINES  UNDER  WING 


ENGINES  UNDER  FUSELAGE 


ENGINES  ON  STRUTS 

Figure  11.  -  Engine  arrangements. 


FUEL  TANKS  UNDER  WINGS 
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FUEL  TANKS  AT  WING  TIPS 

Figure  12.  -  Fuel  tank  arrangements. 
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Figure  13.  >  Ditching  aids. 


10.  SOI-ffi  ASPECTS  OF  THE  TRANSPORT  AIRPLANE  FIRE  PROSmi 

By  Irving  Pinkel 
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SOME  ASPECTS  OP  AIECK/FT  SAFETY  -  ICING,  DITCHING,  AND  FIDE 
SOME  ASPECTS  OF  THE  IHANSPORT  AIKPIJVNE  FIFE  PROBLEM 
±0.  By  I.  Irving  Pinkel 
Levis  Flight  Propulsion  Laboratory 

Recent  sti’dies  on  the  ability  of  humans  to  withstand  high  accelera¬ 
tions  for  short  periods  of  time  without  injury  have  indicated  that  sig¬ 
nificant  gains  in  airplane  crush  survival  can  be  realized  if  fire  fol¬ 
lowing  crash  can  be  prevented.  Acting  on  the  recommendation  of  the  NACA 
Operating  Problems  Committee  and  the  Aircraft  Fire  Prevention  Subcom¬ 
mittee,  the  Lewis  laboratory  of  the  NACA  has  engaged  in  a  study  of  fires 
following  take-off  and  landing  crashes  of  survivable  intensity.  One 
phase  of  this  work  is  the  evaluation  of  the  effectiveness  of  various 
ways  the  incidence  and  severity  of  the  crash  fire  might  be  reduced. 

This  discussion  of  the  crash-fire  problem  is  b3’-  way  of  a  progress 
report  that  will  consider  the  knowledge  of  the  mechanisms  of  crash 
fires  gained  from  work  already  completed  and  the  approach  to  the  reduc¬ 
tion  of  the  crash-fire  hazard  indicated  by  the  information  obtained. 

Preliminary  to  active  experimentation,  a  study  was  made  of  the 
available  information  on  past  aircraft  crash  fires,  reported  in  ref¬ 
erence  1,  which  gives  support  to  the  following  points  regarding  airplane 
crash  fires. 

1.  Serious  fires  are  associated  with  the  large  fuel  spillage  that 
results  from  a  damaged  fuel  system. 

2.  Most  of  the  suspected  ignition  sources  are  located  at  the 
nacelle. 

3.  Gases  contained  within  the  engine  induction  and  exhaust  system 
can  serve  as  ignition  sources. 

4.  The  fuel  is  generally  the  first  combustible  to  burn. 

Because  of  the  transitory  nature  of  the  conditions  preceding  a 
fire  and  destruction  in  the  fire  of  the  evidence  on  which  to  base  an 
analysis  of  the  physical  circumstances  associated  with  the  fuel  spillage 
and  its  ignition,  a  well-defined  understanding  of  the  crash-fire  problem 
and  an  intelligent  approach  to  its  solution  cannot  arise  from  a  study  of 
crash  accident  records  alone.  According!;/-,  a  portion  of  the  NACA  pro¬ 
gram  involves  the  study  of  actual  crash  fires  conducted  with  twin- 
engine  airplanes  suitable  for  holding  a  complex,  massive  system  of 
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instruments  through  a  crash  under  simulated  taice-off  conditions.  The 
instruments  provide: 

1.  A  record  of  temperatures  at  selected  stations  within  the 
nacelle,  wings,  and  fuselage. 

2.  Detection  of  combustible  vapors  throughout  the  airplane. 

3.  Time  and  location  of  fuel  line  nipture. 

4.  Time  and  location  of  electrical  short  circuits. 

5.  Gas  samples  of  cabin  atmosphere. 

6.  The  acceleration  of  the  airplane  in  the  crash. 

A  crash  site  (fig.  l)  was  developed  to  permit  an  airplane  to  accelerate 
from  rest  under  its  own  power  constrained  by  a  guide  rail  to  arrive  at 
the  crash  barrier  with  take-off  (or  landing)  speed.  Details  of  the 
barrier  are  shown  in  figure  1  which  shows  the  airplane  runway  and  g^ide 
rail  in  the  foreground.  At  the  barrier,  the  rotating  propellers  strike 
the  ground  contained  within  the  raised  abutments,  the  landing  gear  is 
ripped  free  of  the  airplane  by  the  same  abutments,  and  th.?  wing  tanks 
are  severed  outboard  of  the  nacelles  by  poles.  After  crash  the  air¬ 
plane  slides  along  the  ground  beyond  the  barrier.  This  arrangement 
provides  a  severe  crash  from  the  standpoint  of  fuel  spillage  and  igni¬ 
tion  source  exposure. 

In  the  conduct  of  these  studies,  it  was  appreciated  that  a  con¬ 
siderable  background  of  information  exists  on  the  ignition  and  burning 
of  hydrocarbon  fuels .  It  was  our  purpose  to  obtain  an  understanding 
of  the  factors  introduced  by  the  dynamics  of  the  crash  that  control 
the  ignition  process  and  timing,  and  the  subsequent  rate  of  fire  spread, 
and  to  establish  on  a  firm  factual  basis  those  commonly  considered 
ideas  on  crash  fires  which  actually  apply.  The  work  completed  thus  far 
has  provided  information  on  the  various  ways  fuel  is  released  in  a 
crash,  a  positive  identification  of  several  important  types  cf  ignition 
sources,  details  on  the  rate  of  spread  of  fire  through  fuel  dispersed 
wiuhin  and  around  the  airplane,  length  of  the  rtevaab  Xjoviwh  that 
may  elapse  before  fire  occurs  with  different  types  of  fuel  spillage, 
the  airplane  decelerations  associated  with  typical  damage  to  the 
airplane  structure,  and  the  rate  of  development  of  lethal  conditions 
within  the  cabin. 

In  these  studies,  it  has  been  learned  that  fuel  can  be  spilled 
from  an  airplane  as  an  ignitable  mixture  of  fuel  vapor  and  air  by 
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rupture  of  the  engine  induction  system,  as  liquid  from  broken  fuel 
lines  end  tanks,  and  as  mist  if  the  spillage  occurs  from  an  airplane 
in  motion.  In  the  last  case,  the  aerodynamic  forces  on  the  fuel  rip 
it  to  mist  to  form  a  highly  flammable  fuel  aerosol  that  moves  with  the 
air  around  the  airplane.  A  picture  of  such  a  fuel  mist  taken  during 
an  actual  crash  is  shown  in  figure  2.  The  fuel  beneath  the  wing 
appears  as  a  dense  cloud  that  increases  in  volume  and  decreases  in 
density  by  admixture  of  additional  air  downstream  of  the  wing. 

Because  of  the  significant  role  of  thio  t^'pe  of  fuel  spillage  in 
the  crash  fires,  it  will  be  discussed  in  detail.  First,  an  illustra¬ 
tion  (fig.  3)  is  given  of  the  rapid  development  of  the  fire  through 
the  fuel  mist.  This  demonstrates  the  fire  propagated  by  atomization 
to  mist  of  the  fuel  lost  from  an  airplane  /nose  wing  fuel  tanks  have 
been  exposed  while  the  airplane  was  in  motiriu.  In  the  crash  that 
produced  this  fire  the  pole  bar’^iers  were  a orarged  to  smash  the  landing 
lights  on  the  wing  and  tear  open  the  tanits  behind  them.  The  ignition 
that  occurred  at  the  damaged  landing  light,  as  shown  in  figure  4,  is 
evidence  that  a  damaged  electrical  system  can  t'erye  as  an  ignition 
source.  The  fire  clearly  originates  at  the  location  of  the  lending 
light  before  the  airplane  is  displaced  its  own  length  from  the  pole 
barrier  and  the  landing  gear  settled  to  earth. 

Because  of  the  close  proximity  of  the  ignition  source  to  the 
spilled  fuel,  ignition  was  immediate.  When  an  appreciable  spanwise 
separation  exists  between  the  fuel  source  and  the  ignitor,  a  time 
delay  is  introduced  in  the  ignition  as  illustrated  in  figure  5.  This 
figure  shows  ignition  by  exhaust  gases  issuing  from  the  engine  stack  at 
a  point  having  a  six-foot  spanwise  separation  from  the  fuel-tank 
rupture  approximately  two  seconds  after  fuel  spillage,  at  a  reduced 
airplane  speed.  Detailed  studies  of  the  ignition  of  fuels  and  lubri¬ 
cants  on  the  exhaust -disposal  system  used  in  this  airplane  showed  that 
the  portion  of  the  exhaust  stack  exposed  to  the  air  stream  is  not  hot 
enough  to  ignite  gasoline,  but  that  the  exhaust  gases  will  do  so 
readily.  The  two-second  time  delay  between  fuel  spillage  and  igni¬ 
tion  is  of  little  consequence  in  the  severity  of  the  ensuing  fire, 
but  is  of  cardinal  importance  in  the  engineering  of  crash  safety 
systems . 

When  the  ignitor  is  located  to  one  side  end  forward  of  the  point 
of  fuel  spillage,  an  even  greater  delay  occurs  between  the  time  of 
fuel-tank  rupture  and  fuel  ignition.  As  an  example  of  this  arrange¬ 
ment,  fuel  i^ition  from  an  oil  fire  burning  in  the,  nacelle  well 
forward  of  the  wing  leading  edge  is  presented  in  figure  6.  The  oil 
fire  is  visible  through  windows  located  on  the  nacelle  cowling.  In 


this  crash,  the  instrumentation  indicated  the  oil  fire  to  have  started 

within  2  seconds  of  the  crash.  This  picture  was  taken  ^2  seconds  after 
the  crash,  at  the  moment  of  fuel  ignition.  Observe  that  the  fuel  mist 
lies  well  forward  of  the  wing  leading  edge  when  the  airplane  conjs  to 
rest,  which  is  the  case  in  this  figure. 

Obviously,  if  the  released  fuel  streaked  rearward  along  with  the 
air  streaming  by  the  narrow  tank  rupture,  a  physical  separation  between 
the  fuel  and  ignition  sources  at  the  nacelle  would  be  maintained  and 
ignition  could  not  occur.  The  tendency  for  the  fuel  to  disperse  span- 
wise  (perpendicular  to  the  air  stream)  is  responsible  for  the  contact 
between  fuel  and  ignitor.  A  detailed  study  of  this  sidewise  fuel 
spread  conducted  with  taxiing  airplanes  and  simulated  fuel  spillage 
shows  the  following  mechanism  of  fuel  dispersion.  When  fuel  is  lost 
from  a  decelerating  airplane,  the  momentum  of  the  fuel  in  the  tanlc 
provides  a  forward  surge  and  propels  the  fuel  as  a  solid  stream  out 
of  the  tank  rupture.  Impact  with  the  a-ir  spreads  the  stream  to  give 
a  spanwise  velocity  component  to  the  fuel  particles  somewhat  as  would 
occur  if  the  solid  stream  of  fuel  were  to  splash  against  a  wall  normal 
to  the  original  fuel  direction.  The  forward  velocity  of  the  fuel  is 
reduced  with  the  acquisition  of  the  spanwise  kinetic  energy  and  the 
advancing  airplane  intercepts  the  spreading  fuel  mist.  If  the  air¬ 
plane  moves  slowly,  the  fuel  has  an  appreciable  time  to  spread  before 
such  interception  and  can  extend  to  the  nacelle.  Likewise,  high 
airplane  declarations  will  produce  high-velocity  fuel  jets  that 
extend  well  ahead  of  the  airplane  and  acquire  high  spanwise  velocities. 
The  combination  of  reduced  airplane  speed  and  high  deceleration  rep¬ 
resents  Vi;.-,  critical  conditions  of  airplane  motion  from  the  standpoint 
of  ignition  by  a  source  located  at  the  nacelle.  This  effect  correlates 
the  facts  that  ignition  by  the  broken  landing  light  adjacent  to  the 
tank  rupture  occurred  immediately  but  ignition  at  the  nacelle  did  not 
occur  until  the  airplane  had  slowed  appreciably  from  its  high  speed  at 
crash.  Wetting  patterns  produced  on  an  airplane  by  the  mist  in  the 
taxiing  tests  show  these  effects  clearly  (fig.  7).  Topical  fuel  wetting 
patterns  on  the  underside  of  the  wing  and  nacelle  are  shown  in  this 
figure.  Fuel  spillage  occurred  from  a  tank  rupture  at  this  point.  The 
wetting  patterns  obtained  on  the  left  correspond  to  fuel  spillage  from 
an  airplane  decelerating  at  2.5  times  the  acceleration  of  gravity. 

The  darker  cross  hatched  surface  corresponds  to  fuel  spillage  ‘..t 
approximtely  56  miles  per  hour.  In  this  case  the  wetting  pattern 
does  not  extend  to  the  exhaust  stack,  but  at  the  reduced  speed  of 
approximately  25  miles  per  hour  the  wetting  pattern  does  enclose  the 
exhaust  stack.  At  an  airplane  deceleration  rate  of  6.4  gravity,  the 
airplane  wetted  area  extends  well  past  the  exhaust  stack  at  an  airplane 
speed  of  approximately  60  miles  per  hour  in  contrast  to  the  condition  at 
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2.5  times  the  acceleration  of  gravity.  The  most  extensive  fuel  wetting 
observed  occurred  at  the  reduced  airplane  speed  of  35  miles  per  hour 
and  the  deceleration  rate  of  6.4  gravity. 

Because  the  f^iel  is  airborne  in  these  mists,  a  cross  wind  from 
the  wixig  tip  to  nacelle  will  d'splace  the  mist  pattern  toward  the 
nacelle  and  increase  the  probability  of  fire.  This  applies  to  the  case 
shown  in  figure  7,  with  the  relative  wind  as  indicated.  If  the  wind 
were  directly  from  the  front,  the  wettiiig  pattern  would  be  symmetrical 
about  the  tank  rupture.  In  this  case,  only  a  very  extensive  wetting 
pattern  would  roach  to  the  nacelle. 

Fuel  spillage  in  the  form  of  premixed  fuel  vapor  and  air  can  take 
place  only  from  a  tom  engine  induction  system.  The  close  proximity 
of  ignition  sources  within  the  nacelle  will  cause  ignition  immediately 
after  such  spillage.  Because  of  the  small  quantity  of  fuel  in  the 
Induction  system  at  any  one  time,  however,  no  serious  fire  will  result 
unless  other  fuel  is  ignited  in  the  flash  fire  of  the  induction-system 
fuel.  In  one  impact  crash  test  the  airplane  was  fitted  with  steel - 
bladed  propellers.  Impact  of  the  steel  propeller  blades  with  the 
ground  twisted  the  engine  mounts  and  ripped  the  cr-.rburetor  free  from 
the  engine  induction  system  releasing  the  fuel  vapor-air  mixture  into 
the  nacelle.  The  fuel  vapors  were  ignited  by  the  hot  exhaust  collector 
rings.  The  explosive  flash  of  the  resulting  fire  ignited  the  fuel  being 
lost  from  the  tanks  at  the  wing  leading  edge. 

Fuel  lost  from  a  crashed  airplane  at  rest  is  principally  in  liquid 
form  as  pools  and  rivulets.  If  a  rivulet  flows  to  an  ignition  source, 
or  the  fuel  vapors  are  directed  by  moving  air  to  an  ignitor,  the 
resulting  fire  propagates  back  to  the  primary  pool  of  fuel.  If  fuel  is 
still  pouring  from  the  damaged  fuel  system,  the  fire  burns  at  the 
opening  from  which  the  fuel  issues  and  tends  to  enlarge  the  initial 
opening.  Crashes  involving  the  spillage  of  fuel  wholly  as  liquid  have 
not  been  studied  yet  in  sufficient  detail  for  further  discussion  at 
this  time. 

The  rate  of  fire  spread  through  and  around  the  airplane  is  com¬ 
plicated  by  many  factors,  chief  among  them  being  the  ground  and  air¬ 
plane  area  wetted  by  the  spilled  fuel,  the  wind  direction,  the  local 
air  ventilation  in  enclosed  airplane  cavities,  and  the  vapor  pressure 
of  the  fuel.  Laboratory  studies  show  the  rate  at  which  fire  spreads 
over  pools  of  quiescent  fuel  can  be  eit3|er  several  hundred  feet  per 
minute  or  Just  several  feet  per  minute  depending  on  whether  or  not 
the  vapor  pressure  of  the  fuel  is  sufficient  to  maintain  a  combustible 
mixture  in  the  air  immediately  above  the  pool  of  fuel.  These  figures 
are  important  in  a  crash  only  if  the  pool  of  fuel  covers  a  significant 


area  around,  the  airplane.  If  the  fire  begins  before  appreciable  fuel 
has  beer  ez-rposed,  the  flane  propagates  to  the  opening  from  which  the 
fuel  is  Issuing,  and  ignites  the  fuel  ns  it  leaves.  In  this  case, 
fire  development  is  controlled  by  the  rate  of  fuel  effia:.,  with  fuel 
vapor  pressure  playing  only  a  secondary  role.  The  rate  of  turning 
within  an  enclosed  space  such  as  a  wing  containing  fuel  is  often 
controlled  by  the  rate  at  which  air  circulation  brings  oxygen  to  the 
fire;  fuel  volatility  is  then  of  secondary  importance.  Fire  spread 
along  the  exterior  of  the  airplane  follows  the  pattern  of  the  ground 
fuel  spillage  and  the  zones  of  the  airplane  vetted  by  the  fuel.  Within 
a  minute  after  ignition,  the  wetted  skin  of  the  airplane  can  be  burned 
away,  ffagnesium  engine  parts  will  ignite  in  airplane  fires  and  continuo 
to  bum  after  the  surrounding  fuel  or  oil  fire  is  extingtished.  The 
aluminum  airplane  parts  will  bum  only  when  heated  by  an  external  source - 
Radiation  will  ignite  paint  on  exposed  surfaces  at  locations  20  feet 
from  the  perimeter  of  an  intense  fuel  fare. 

The  discussion  will  proceed  from  a  consideration  of  the  sepc??'Qte 
events  involved  in  a  cr:.3h  fire  to  a  complete  study  of  a  full-scale 
crash.  A  fully  instrumented  airplane,  carrying  a  take-off  load  of 
1000  gallons  of  fuel  and  moving  at  a  ground  speed  of  approximately 
80  miles  per  hour  is  involved  in  a  crash  that  is  quite  severe  from  the 
standpoint  of  fuel  spillage  and  exposure  of  ignition  sources.  A 
schematic  view  of  the  engine  nacelle  of  this  airplane  (fig.  8(a))  shows 
the  oil  cooler  located  at  the  bottom  of  the  nacelle  immediately  behind 
the  exhaust  collector  ring.  Following  the  usual  airplane  damage  vt 
the  barrier  the  airborne  plane  hits  the  ground  and  slides.  Impact  of 
the  nacelle  with  the  ground  breaks  the  oil  cooler  lines  and  the  exhaust 
collector  ring  is  wetted  by  the  released  oil  (fig.  8(b)).  Other  oil 
spillage  takes  place  from  a  broken  nose  gear  housing.  About  two  seconds 
after  impact,  the  instrumentation  indicates  oil  fire  on  the  exhevot 
collector  ring.  Condensed  oil  vapors  now  issue  from  the  nacelle.  At 
•the  reduced  airplane  speed,  the  fuel  mist  extends  forward  of  the  leading 
edge  of  the  wing.  In  four  seconds  (fig.  8(c))  the  oil  fire  in  the 
nacelle  ha?  grown  to  engulf  the  exhaust  collector  ring  and  provide  an 
excellent  torch  for  ignition  of  the  fuel.  When  the  fuel  mist  reaches 
forward  to  the  oil  fire  in  the  nacelle  as  the  airplane  slows  to  rest, 
general  inflammation  of  the  fuel  mist  occurs  with  a  high  rate  of 
spread  (fig.  8(d)).  Ten  seconds  after  ignition,  the  fire  has  involved 
the  wing  and  nacelle  to  the  extent  shown  in  figure  8(e).  Fire  within 
the  wing  is  limited  by  the  air  flow  through  the  wing  mpture  and 
covers  a  somewhat  smaller  area.  After  two  minutes,  the  fire  has  the 
distribution  shown  in  figure  8(f).  The  smaller  solid  area  represents 
the  fire  after  10  seconds,  and  corresponds  approximately  to  the 
original  fuel  spillage  pattern. 
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After  two  and  one-half  minutes,  the  airplane  cabin  was  completely 
gutted.  Air  temperatures  within  the  cabin  reached  300°  F,  considered 
the  maximum  survivable  temperature,  within  100  seconds  of  the  crash, 
and  analysis  of  the  cabin  atmosphere  indicated  a  lethal  concentration 
of  carbon  monoxide  two  minutes  after  crash. 

A  graph  of  the  horizontal  decelerations  the  airplane  experienced 
in  the  crash  and  its  slide  to  rest  is  shown  in  figure  9.  The  variation 
of  airplane  speed  with  displacement  from  the  barrier  is  also  shown.  At 
the  time  the  propeller  hit  the  earth  barrier,  the  whole  airplane  was 
subjected  to  an  average  deceleration  of  3.5  g,  but  for  too  short  a 
period  of  time  to  change  the  airplane  speed  appreciably.  Severing 
the  landing  gear  from  the  airplane  caused  a  somewhat  smaller  deceler¬ 
ation  of  3.2  g  for  a  longer  period.  The  highest  deceleration  of  4.0  g 
was  associated  with  damage  to  the  wing  leading  edge,  main  spar,  and 
fuel  tank  by  the  pole  barrier.  The  slide  to  rest  occurs  with  approxi¬ 
mately  uniform  deceleration  of  1  g.  From  the  standpoint  of  the 
accelerations  imposed  on  the  airplane,  this  type  of  crash  would  be 
survivable  in  the  absence  of  the  fire  that  followed  it. 

On.  the  basis  of  experience  to  date,  it  appears  that  crash-fire 
safety  systems  for  current  aiirplane  types  using  present  fuels  must 
aim  at  inhibiting  the  ignition  process.  Once  the  fire  develops, 
extinguishment  is  highly  improbable  with  the  quantity  of  extinguishing 
agent  likely  to  be  carried  in  the  airplane.  The  viewpoint  has  been 
taken  that  the  ignition  process  is  essentially  a  race  between  the 
declining  potency  of  the  several  classes  of  ignition  sources  with  time 
and  the  conduction  of  fuel  in  sufficient  concentration  to  a  source  of 
ignition.  Declining  potency  of  an  ignition  source  is  illustrated  in 
figure  10,  which  shows  the  rate  of  cooling  of  an  exhaust  collector 
ring  from  a  ten5)eratvu:e  of  1200°  F,  corresponding  to  take-off  power 

employed  at  the  moment  of  a  crash.  It  requires  50  seconds  for  the 
exhaust  system  to  cool  to  900°  F,  the  lowest  temperature  at  which 
gasoline  will  ignite  and  200  seconds  for  the  collector  ring  to  cool 
to  600°  F,  the  lowest  temperature  at  which  lubricating  oil  will 
ignite,  A  somewhat  similar  curve  could  be  drawn  for  the  temperature 
of  a  short-circuited  wire  drawing  current  from  discharging  storage 
batteries.  From  the  crash  studies  it  has  been  learned  that  the  fuel 
or  oil  reaches  the  collector  ring  long  before  it  has  time  to  cool 
to  a  safe  temperature. 

With  considerations  such  as  this  in  mind,  an  indication  of  the 
possible  approaches  to  reducing  the  crash  fire  hazard  of  current 
airplane  types  with  present-day  fuels  will  be  made.  Fuel  ignition 
requires  the  coexistence  in  one  envirqhment  of  fuel,  oxygen,  and 
an  Ignition  source.  The  prevention  of  fire  involves  the  elimination  of 
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onei  of .  these  three  factors  at  every  zone.  7uel  lines'  and  tr.nks 
capahle  of  .withstanding  the  crash  would  provide  complete  fire 'protec¬ 
tion- by  eliminating  available  fuel.  Such  fuel  systems  are  hot,  ko«.'ever^ 
currently  .available.  Likewiaey.  experience  to  date  shows  that  an 
unacceptable  weight  of  extinguishing  agent  would'  be  required'  to  inert 
the  atmospheres  around  all  ig!iition  sources  over  the  period  that  igni¬ 
tion,  is  Likely.,  Therefore,  present  efforts  are  directed  tcrward 
reducing  the  pumbe.r  of  ignition,  aoiirces  and  inerting  the  atmosphere' 
around  those  that  cann-.t  be  eliminated.  The  effectiveness  of  chls 
approach- can  be  appraised  by  testing  an  installation  similar  to  that 
sho'wn  schematically  in  figure  11.  . 

.  .This  installation  includes  the  following  elements  activated  at  the 
moment  .cf- crash. 

■/a.  A  fuel  out-off  valve  aft  of  the  carburetor  to  stop  fuel  flow 
and  bring  the  engine  to  rest. 

b.  A  two-pound  charge  of  methyl  bromide  or  other  suitable  fire 
extinguishing  agent  discharged  into  the  induction  system  of  the  engine 
to  inert  'the  fuel-air  mixture  entrapncd  in  the.  induction 'system' when 
the  fuel  vQ.lvo  is  closed,,  The  e-i^viiguishing  agent  would  also  sweep  ' 
through  the  eipglne  to  inert  grces  in- the  exhaust -disposal  system  as 
^welL^;  .  This,  would-  prevent  backfires  .and  t.be  torching  of  flames -from 
the-  .exhaust  s-tack.r  •  . 

p.  .An  electrical  system  cut-off  swi-tch  to  prevent  the  development 
of- arcs  and' short-circuited  wires,..,;  ‘ 

-,d.  At simplp  spray  system ^arranged  around  the  exhaust-disposal 
sys.tej9  employing  water  or  other  suitable  liquid  to  wet  and  cool  the  • 
exhaust -disposal  system.  The  heat  capacity  of  the  exhaust  system  4s 
not  large.*  .  .Preliminary  experiments  indicate  the  possibility  -of  '  • 

cocking  the  -exhaust  system  to  safe  temperatures  with  less  than  4’  gallons 
of  watert/',. Th.e  steam  generated'  on  the  hot  exhaust'  system  would  inert 
the-,  inppdlate  neighborhood  and  ignition  would,  not  occur  vhllfe  the 
exhaust-sys'bem- ■^mperature  is  being  reduced. 

Application  of  this  system  ;or  finy  of  Its  components  •tb'  an'abtual' 
airplane  crash  safety  system  would  require  a  manual  override  for- the 
pilot  on  the  fuel  valve  and  on  the  electrical- system  switch.  All  such 
systems  .ahpuld  provide  that  inrnormal  cirplane'ioperatlonV  'the'crash- 
sens it ive  element  that  actuates  this  system  would-be  inoperativ^'- to  - 
prevent '  functioning  of  vthe  system.  ••  When  -  the -pilot  believes 

a  crash  -  is  inmineut,  the  sys'tem  -.can-  be  alerted  for  the  brief ‘dan'gerbus 
period. -With. no  loss,  ip  pilot  control. :  .  V  ' 
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The  question  of  the  benefits  to  be  derived  from  the  use  of  fuels 
of  low  volatility,  the  so-called  safety  fuels,  Is  not  answered  com¬ 
pletely  by  the  studies  conducted  so  far.  On  the  basis  of  laboratory 
experience  to  da\;e,  however.  In  which  fuels  having  a  wide  range  of 
volatility  atomized  to  mist  In  jet -engine  combustors  have  burned 
satisfactorily,  It  appears  that  In  these  crashes  In  which  dense  fuel 
mists  are  Ignited  by  contact  with  a  potent  ignitor,  little  advantage 
would  be  gained  by  use  of  a  fuel  of  low  volatility.  Experience  with 
coal  and  other  dust  fires  la  consistent  with  this  point  of  view.  Tiis 
formation  of  such  dense  fuel  mists,  while  characteristic  of  the 
several  crashes  conducted,  may  prove  to  be  a  less  significant  factor 
In  other  types  of  crashes  of  survlvable  Intensity. 

The  evaluation  of  the  effect  of  airplane  configuration  and  fuel- 
system  design  on  fire  after  crash  is  also  necessary,  in  this  field, 
assistance  Is  available  from  the  work  of  the  CAA  and  other  agencies 
that  are  approaching  the  crash-fire  problem  with  the  point  of  view 
that  If  the  fuel  system  can  be  made  to  remain  Intact  during  crash  and 
prevent  the  spillage  of  fuel,  no  serious  fire  will  occur.  Future  work 
on  the  significance  of  airplane  configuration  in  the  crash-fire  problem 
should  be  directed  with  special  emphasis  toward  configurations  Including 
turbopropeller  and  turbojet  engines. 
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Figure  1.  -  Scene  shov>.  .ng  crash  barrier. 
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Figure  7.  -  Wetting  patterns  produced  by  mists. 


Figure  8(a).  -  Schematic  view  of  engine  nacelle. 
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Figure  8(b).  -  Oil  spraying  in  nacelle. 


Figure  8(c).  -  Airplane  sliding  along  ground  with  oil  vapors  pouring 

from  nacelle. 
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Figure  8(f).  -  Schematic  view 
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Figure  9.  -  Airplane  velocities  and  decelerations. 
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Figure  10.  -  Cooling  curve  for  exhaust  collector  ring. 
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Figure  11.  -  Fire  suppression  installation. 
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AERODYNAMIC  CONSIDERATIONS  FOR  HIGH-SPEED  TRANSPORT  AIRPLANES 
11.  REVIEW  OP  AIRPIANE  CHARACTERISTICS  PERTAINING 
TO  HIGH-SPEED  PERFORMANCE 
By  Ralph  P.  Blelat 
Langley  Aeronautical  Laboratory 

This  paper  reviews  some  of  the  aerodynamic  factors  that  will  enter 
Into  the  design  and  operation  of  high-speed  transports  where  the  term 
’•high-speed"  refers  to  the  higher  subsonic  speeds;  perhaps  500  or  600 
miles  per  hour. 

Reference  Is  made  to  a  recent  paper  by  Mr.  Kartveli,  of  Republic 
Aviation  Corporation,  entitled  "Propulsion  Analysis  for  Long-Range- 
Transport  Airplanes,"  (reference  1).  In  this  paper  Mr.  Kartveli  has 
taken  the  Republic  Rainbow  and  broadly  redesigned  it,  first,  as  a 
faster  turbo-propeller  version,  and  then  as  a  still  faster  swept-wlng 
turbo-jet  version,  and  compared  the  performance  of  these  three  versions. 
The  present  paper  reviews  the'  aerodynamic  considerations  such  as  wing 
aerodynamic  characteristics,  nacelle  characteristics,  compressibility 
effects,  aeroelastlclty,  etc.  that  would  enter  Into  the  selection  of 
configurations  In  the  500-fco-600  mph  class,  .  ' 

Some  data  obtained  from  reference  2  are  presented  for  a  . present- 
day,  four-engine  transport  airplane  shown  In  the  lower  left  corner  of 
figure  1.  The  wing  Is  18  percent  thick  at  the  root  and  tapers  to  12- 
percent  thickness  at  the  tip.  The  tall  section  is  15  percent  thick  at 
the  root  and  10  percent  thick  at  the  tip.  The  fuselage  has  a  fineness 
ratio  a  little  greater  than  7»5»  The  airplane  has  the  typical  blunt- 
type  nacelles.  The  design  of  these  basic  aerodynamic  components  of 
the  transport  are  satisfactory  and  efficient  for  the  speeds  at  which 
transports  operate  today,  that  Is,  In  the  range  of  500  to  550  miles 
per  hour. 

Plotted  in  figure  2  Is  the  variation  of  the  drag  coefficient  and 
llft-to-drag  ratio  with  Mach  number  for  level  flight  ai  altitudes  of 
20,000  feet  and  58,000  feet  for  the  four-engine  transport  for  a  wing 
loading  of  65  pounds  per  square  foot.  If  this  tranmport  Is  flown  at 
either  of  these  altitudes.  It  can  be  seen  that  the  drag  decreases  up 
to  a  Mach  number  of  approximately  O.65,  after  which  It  rises  markedly. 
This  Is  the  typical  variation  of  drag  coefficient  for  a  given  altitude 
as  the  airplane  flies  through  Its  speed  range.  Wie  reduction  of  drag 
coefficient  with  Mach  number  up  to  O.65  is  caused  by  the  largo  reduc¬ 
tion  of  the  Induced  drag  as  a  result  of  the  decreasing  lift  coefficient 
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with  speed  for  level  flight.  The  portion  of  the  curves  showing  the 
tremendous  drag  rise  above  a  Mach  number  of  0.65  Is  due  to  the  adverse 
effects  of  compressibility  on  the  wing. 

The  range  for  a  given  pay-load  or  the  pay-load  for  a  given  range 
depends  upon  the  lift-to-drag  ratio.  Normally  the  transport  cruises 
at  a  Mach  number  of  0.43  at  approximately  23,000  feet  altitude-  For 
this  condition,  the  transport  is  flying  at  approximately  its  maximum 
lift-to-drag  ratio..  If  the  airplane  is  flown  faster  at  23,000  feet 
altitude,  it  can  be  seen  that  the  lift-to-drag  ratio  is  falling  off 
rapidly,  but  this  is  due  to  the  fact  that  the  transport  is  now  flying 
at  too  low  lift  coefficients  for  maximum  L/D.  The  higher  lift  coef¬ 
ficients  corresponding  to  maximum  l/D  for  the  higher  speeds  occur 
at  high  altitudes  where  the  air  densities  are  lower.  What  can  be  done 
by  flying  at  the  higher  altitudes  can  be  seen  by  the  data  for  30,000 
feet.  For  example,  at  a  Mach  number  of  O.60,  the  L/D  ratio  of  this 
transport  can  be  increased  approximately  56  percent  when  the  altitude 
is  Increased  from  20,000  feet  to  38*000  feet. 

Here  we  can  see  how  the  modern  power  plant,  where  the  term 
"modern"  refers  to  the  turbo-engine,  fits  naturally  Into  the  opera¬ 
tion  at  higher  altitudes.  First,  the  turbo-engine,  when  compared 
with  the  piston  engine,  has  the  necessary  extra  power  which  la  needed 
to  fly  at  faster  speeds.  Second,  its  efficiency  is  best  at  the  high 
altitudes  and  high  speeds  where  the  airplane  is  also  aerodynamlcally 
efficient. 

Out  in  the  speed  range  above  Mach  number  O.65  (fig,  2)  the  L/D 
ratio  is  decreasing  rapidly  which  is  caused  by  the  large  Increases  in 
drag.  Associated  with  these  adverse  compressibility  effects  there 
would  be  the  large  power  requirements  needed  to  operate  this  transport 
above  Mach  number  O.65,  and  also  turbulent  separation  of  the  flow  due 
to  shock  formations  on  the  wing  would  result  in  severe  buffeting  add¬ 
ing  to  passenger  discomfort  and  danger  to  the  airplane  structure. 
Another  limitation  on  the  speed  is  the  deterioration  of  the  lift  and 
pitching -moment  coefficients  of  the  airplane. 

Shown  in  figure  3. is  the  variation  of  lift  coefficient  with  angle 
of  attack  for  a  series  of  Mach  numbers.  It  can  be  seen  that,  for  a 
Mach  number  of  0.5,  the  lift  exhibits  no  unusual  characteristics  for 
the  range  of  angle  of  attack  shown.  At  a  Mach  number  of  O.65,  it 
breaks  over  sharply  at  about  a  lift  coefficient  of  -0.60.  This  value 
is  above  the  level-flight  lift  coefficient  which  in  general  will  be  of 
the  order  of  0.5  or  0.4  but,  of  course,  this  does  not  leave  much  margin 
for  maneuvering.  At  Mach  numbers  of  0,7  and  0.75*  it  can  Tdo  seen  that 
the  lift  coefficient  has  dropped  abruptly. 
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Also  shown  on  figure  3  la  the  variation  of  pitching -moment  coef¬ 
ficient  with  lift  coefficient  for  the  same  series  of  Mach  numbers.  Up 
to  a  Mach  number  of  O.65  and  a  lift  coefficient  of  0.6,  the  changes  in 
pitching  moment  for  the  transport  are  not  too  severe.  At  Mach  numbers 
of  0.70  and  0.75,  strong  breaks  In  the  pitching -moment  curves  appear. 

The  breaks  in  the  pitching -moment  curves  appear  as  large  negative  or 
diving  moments.  These  changes  In  pltchlng-moment  and  lift  curves  are 
such  that  the  elevators  may  be  Incapable  of  controlling  the  attitude 
of  the  airplane  at  these  speeds. 

If  transports  are  to  operate  efficiently  and  safely  at  the  higher 
speeds,  that  is,  500  to  600  miles  per  hour,  we  must  consider  what  mod¬ 
ifications  must  be  Introduced  to  avoid  these  difficulties.  The  wing 
Is  here  considered  first,  since  the  wing  Is  the  major  source  of  the 
drag  rise  of  present  airplane  configurations.  As  was  stated  above, 
the  wing  on  this  airplane  is  18  percent  thick  at  the  root  and  tapers  to 
12-percent  thickness  at  the  tip,  and  Its  drag  went  up  at  a  Mach  number 
of  0.65,  If  It  Is  desired  to  fly  faster  than  a  Mach  number  of  O.65,  or 
450  miles  per  hour,  the  wing  will  have  to  be  made  thinner.  The  trans¬ 
port  shown  In  the  middle  of  figure  1  is  basically  similar  to  the  present- 
day,  four-engine  transport  shown  at  the  bottom  6f  the  chart  except  that 
the  wing  thickness  ratio  has  been  greatly  reduced.  Also,  the  blunt- 
type  nacelles  of  this  transport  have  been  replaced  with  long,  tapered 
nacelles.  The  reason  for  this  is  discussed  below.  Figure  4  shows  the 
Increase  In  the  Mach  number  of  the  drag  rise  that  can  be  obtained  with 
unswept  wings  by  using  thinner  wing  sections  (reference  3).  The  Mach 
number  for  the  drag  rise  Is  defined  as  the  Mach  number  where  the  drag 
first  begins  to  Increase  markedly.  The  ordinate  is  the  Mach  number  of 
the  drag  rise  and  the  abscissa  Is  the  wlng-thlckness -chord  ratio.  It 
will  be  seen  for  the  lift  coefficients  shown  that  the  Mach  number  of 
the  drag  rise  Increases  by  approximately  O.OI5  or  about  10  miles  per 
hour  for  each  one-peroeht  reduction  In  wlng-thlckness  ratio.  If  the 
wlng-thlckness  ratio  Is  reduced  to  10  percent,  the  flight  Mach  number 
can  be  increased  from  O.65  to  approximately  0,73  at  a  lift  coefficient 
of  0.3.  This  thickness  ratio  Is  about  as  low  as  it  would  be  practical 
to  go  since  fuel-storage  space  Is  required.  However,  thinner  wings 
might  be  used  with  external  tanks  If  necessary;  but  a  weight  penalty 
would  have  to  be  taken  for  these  thin  wings  if  the  strubtural  strength 
Is  to  be  maintained.  The  reduced  wing  thickness  would  Introduce  a 
trend  towards  increased  wing-chord  and  In  reduced  wing  aspect  ratio  with 
a  corresponding  reduction  In  aerodynamic  efficiency. 

Wing  camber  leads  to  further  increases  In  the  Mach  number  for  the 
drag  rise  although  the  effect  Is  much  smaller  than  the  effect  of  wlng- 
thlckness  ratio  (reference  4),  If  the  airplane  has  to  have  satisfactory 
flight  characteristics  appreciably  beyond  its  design  operating  speed, 
the  amount  of  camber  to  be  used  should  be  restricted  because  the 
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longitudinal-stability  problems  that  were  previously  noted  are  aggra¬ 
vated  by  camber. 

Thus,  a  Mach  number  of  about  0^73,  or  4S0  to  5GO  raph  is  about  the  . 
limiting  flight  speed  that  can  be  obtained  by  decreasing  the  wlng- 
thictoess  ratio  and  introducing  camber  for  unsvept  wings. 

In  order  to  fly  at  Mach  numbers  above  about  O.73,  the  wing  must 
be  swept.  The  transports  shown  In  the  upper  right  corner  of  figure  1 
represent  two  versions  of  future-day  transports;  the  upper  transport 
is  a  turbo-prop  version  and  the  lower  transport  represents  a  turbo¬ 
jet  version.  The  wings  and  tall  surfaces  have  been  swept  back  apprex- 
Imaboly  35®'.  The  conventional  fuselage  is  replaced  with  one  having 
increased- fineness  ratio  and  a  rather  sharp  pointed  nose.  The  nacelles 
are  the- long  tapered  nacelles.  The  reasons  for  these  aerodynam-ic  change 
are  discussed  below.  What  can  be  accomplished  with  sweep  is  indicated 
in  figure  5.  Shown  here  are  some  data  for  the  same  wing  which  has  been 
sweptback  from  0°  to  30®  and  45°  by  rotating  it  about  the  root.  Thus 
the  wing  section  measured  perpendicular  to  the  leading  edge  remained  • 
unchanged.  The  data  plotted  in  figure  5  show  the  variation  of  maximum 
L/D  with  Mach  number.  As  stated  above,  the  drag  begins  to  Increase 
above  a  Mach  number  of  0,70  and  the  lift-to-drag  ratio  decreases 
correspondingly.  Sweeping  the  wing  to  30®  delays  the  L/t)  decrease 
to  a  Mach. number  of  0.82.  At  45°  sweepback  the  llft-to-drag  ratio 
starts  to  decrease  at  approximately  0.90  Mach  number.  The  improved 
characteristics  in  L/D  for  the  sweptbaCk  wings  at  the  high  Mach  num¬ 
bers  are  the  principal  reason  for  employing  sweep  on  these  transports 
shown  on  the  chart*  Irt  order  to  realize  the  full  advantages  of  sweep, 
the  wing  thickness  should  be  kept  low,  , 

Besides  improving  the  lift -W-drag  ratio  characteristics,  the  use 
of  sweep  also  reduces  the  adverse  effect  of  con4>ressibllity  oh'  the 
stablltty-and-control  and  buff etihg- problems  at  high'  speeds.  '  ! 

There  are  a  number  of  dl-sadvahtages  associated  with  the  use.  of 
wing  sweep.  One  limitation  on-  the  use  of  sweep  Is  its  inherently  high 
landing  speed  resulting  frOm  the  fact  that  the  sweptback  wing  stalls 
at  a  much  lower  lift  coefficient  than  does  a  straight  wing.  -The  prob¬ 
lem  of  getting  satisfactory  landing  characteristics  is  further  aggra¬ 
vated  for  the  swept  wings  by  the  instability  that  develops  at  high  lift 
coefficients.  The  ellminatlort  of  such  Instability  requires  a  trend 
toward  lower  aspect  ratio  which  of  course  will  reduce  the  aerodynamic 
efficiency.  Some  low-speed  characteristics  of  thln-wlng  and  swept-wlng 
configurations  are  discussed  In  a  subsequent  paper  (Par^t  12); 
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In  addition  to  the  maximum  lift  Instability  problems,  there  Is  at 
least  one  other  limitation  on  the  use  of  swept  wings,  This  is  the 
effect  of  the  air  forces  in  distorting  the  wing  and  thereby  affecting 
Its  aerodynamic  characteristics.  The  wing  lift  raises  the  tips  and, 
since  the  bending  is  approximately  through  the  line  normal  to  the  wing 
axis,  a  distortion  results,  and  a  large  effective  reduction  in  angle 
of  attack  occurs  at  the  tips.  This  reduces  the  lift  at  the  tip,  and 
the  center  of  load  usually  called  the  aerodynamic  center,  moves  Inboard 
and  therefore  forward.  The  effect  Is  proportional  to  the  dynamic  pres¬ 
sure  and  is  affected  by  both  speed  and  altitude.  Illustrated  In  fig¬ 
ure  7  is  the  aerodynamic -center  shift  for  a  typical  hlgh-aspect-ratlo 
swept  wing.  The  figure  shows  the  variation  of  the  forward  aerodynamic 
center  shift  In  percent  of  the  mean  aerodynamic  chord  with  flight  speed 
for  sea  level,  20,000  feet,  and  40,000  feet  altitudes.  At  20,000  feet 
and  500  mph  the  forward  aerodynamic  shift  amounts  to  13  percent  of  the 
mean  aerodynamic  chord  and  at  40,000  feet  the  forward  aerodynamic-center 
shift  Is  only  6  percent.  Thus,  It  can  be  seen  that  high-speed  flight 
Is  quite  limited  to  the  high  altitudes  If  the  aerodynamic-center  shift 
Is  to  be  kept  within  reasonable  limits,  unless  the  structural  weight  of 
the  wing  Is  greatly  Increased.  Other  static  aeroelastlc  effects  that 
are  troublesome  at  high  dynamic  pressures  are  those  due  to  aileron 
deflection.  The  rearward  center  of  lift  due  to  aileron  deflection  tends 
to  twist  the  Wing,  reducing  Its  angle  of  attack.  This  effect  is  aggra¬ 
vated  by  the  previously  mentioned  effect,  since  the  aileron  lift  at  the 
wing  tip  tends  to  raise  It  and  results  in  the  effective  reduction  In 
angle.  The  wing  will  thus  have  to  be  very  rigid  and  some  compromise 
with  aspect  ratio  will  be  required  to  keep  the  lateral  control  from 
actually  reversing  Itself  at  the  high  dynamic  pressure.  The  aeroelas¬ 
tlc  problems  discussed  which  make  the  design  problem  somewhat  difficult 
pertain  only  to  the  wing.  It  should  be  mentioned  that  there  are  aero¬ 
dynamic  factors  other  than  the  wing  that  enter  Into  the  design;  howeve? 
reasonable  solutions  to  some  of  these  problems  have  been  obtained  for 
the  speed  range  considered  here. 

Another  aeroelastlc  effect  Is  the  simple  wing  divergence  which  Is 
of  Importance  only  for  the  unswept  wlnjg.  Since  the  center  of  lift  is 
ahead,  of  the  torsion  axis,  the  lift  Increases  the  angle  of  attack  and. 

If  the  dynamic  pressure  Is  very  high,  the  wing  will  have  to  be  very 
rigid  If  It  Is  not  to  fall  by  simple  twist  divergence.  The  reason  for 
discussinc  these  aeroelastlc  effects  is  the  fact  that  the  reduction  of 
these  effects  will  lead  to  a  trend  towards  reduced  aspect  ratio  which 
Is  undesirable  from  an  aerodynamic  viewpoint,  and  further  emphasizes 
the  need  for  flying  at  high  altitudes. 

This  discussion  has  been  concerned  with  the  delay  and  reduction  of 
the  adverse  compressibility  effects  on  wings.  Components  of  the  airplane 
other  than  the  wing  may  well  become  the  critical  factor  In  determining 
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the  limiting  normal  opepetlng-  speea  of  the'  alrplgne. 

Figure'  8  shows  the  variation  of  the  drag  coefficient  tasod  on  body 
frontal  area  wit Ii  Mach  number  of  several  streamline  bodies  of  revolu-. 
tlon,  which  for  all  practical  purposes  can  be  considered  as  fuselages 
or  nacelles.  The  data  were  obtained  from  roc'Ket -powered  models  anj, 
hence,  the  tail  surfaces  on  the  models  wore  necessary  in  order  to  obtain 
stability  in  flight.  The  bodies  have  fineness,  ratio  of  6.0  and  5  0  and 
differ  only  in  the  location  of  the  maximum  diameter.  By  increasing  the 
fineness  ratio  from  6.0  to  9-0  with  the 'maximum  body  diameter  located  at 
20  percent  of  the  fuselage  length,  the  Mach  number  for  the  drag  rise  can 
be  increased  from  0.82  to  0.68,  if  the  position  of  the  maximum  diameter 
is  moved  rearward  as  shown  by  the  bodies  -in  the  lower  portion  of  tne 
figure,,  the  Mach  number  for  the  drag  rise  can  bo  increased  to  approxi- 
. mately  b.95-  The  relatively  high  Values  of  the  Mach  numbers  for  the 
drag  rise  for  these  streamline  bodies' of  revolution  are  due  to  the  th^ec- 
;c;-;  mens  Iona  1  type  of  flow  over  the  bodies.  It  can  be  concluded  that 
fuselage  shapes  can  be  designed  which  will  operate  efficiently  at  ligh 
speeds, 

Plylng-boat  hulls  can-  be.  eonsidered  in  connection  with  the  subject 
Of  fuselages.  The  shape  of  the  flying-hoat  hull  Is  not  necessarily 
inconsistent  with  high-speed  flight.  The  high  fineness  ratios,  or  high 
length-beam  ratios,  that  have  been  found  very  advantageous  for  flying - 
boat  hulls,  are  precisely  yhat  hav.e  just  been  concluded  as  being 
helpful  for  high  speeds  (references  5  6)  * 

With  regard  tp  pace] les  which  come  In  all  shapes  and  slr^e.s,  the 
problem  is  basically  similar  to  that  for  fuselages,  except  that  there 
tends  to  be  an  esoeCial]^  critical  problem  with  respect  to  the  wing- 
nacelle  interference  (references  7*  and  9).  In  the  case  of  the 
fuselage,  or  the  ovifcboard  side  of  the  nacelle,  figure  9,  there  is 
fortunately  a  favorable  pressure  gradient  along  the  intersection,  which 
tends  tp  prevent  flow  separation  in  this  region.  On  the  inboard  side 
of  the  nacelle,  there  is  an  unfavorable  pressure  gradient  which  tends 
to  spoil  the  flow  In  that  region  Careful  design  may  alleviate  this 
difficulty,  but  there  remains  the  fact  that  the  combined  velocity  incre¬ 
ments  due,  to  the  wing  and  the  nacelle  tend  to  reduce  the  drag-rise  Mach 
number,;. especially  along  the  joint  of  the  inboard  side.  It  is  important 
that  the  combination  be  arranged  so  that  the  regions  of  highest  velocity 
on  the  wing  and  nacelle  separately  do  not  fall  together  in  the  combina¬ 
tion. 

There  does  not  seem  to  be  much  basic  aerodynamic  difference  between 
a  mid-wing  and  a  low-wing  nacelle  from  an  interference  standpoint,  but 
the  low-wing  nacelle  involves  least  interference  with  the  wing  structure 
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and  also  helps  to  stow  landing  gear. 

Suspending  the  nacelle  from  a  pylon  is  also  feasible,  but  the 
pylon  must  be  sufficiently  long.  A  short  pylon  results  in  local 
crowding  In  the  region  between  the  nacelle  and  the  wing,  with  low- 
drag-rise  Mach  numbers  and  likely  buffeting.  V/ith  the  long  pylon, 
the  forward  or  rearward  position  of  the  nacelle  Is  preferable,  and 
also  the  pylon  needs  to  be  swept  about  30“  or  more  If  the  highest 
drag-break  Mach  number  for  the  arrangement  Is  desired. 

The  air  inlets  on  these  nacelles  offer  no  special  difficulty  in 
the  speed  range  that  has  been  considered  as  Is  indicated  by  the 
external  drag  characteristics  of  the  two  lower  Inlets  in  figure  10. 

The  blunt  cowlings  that  have  been  used  over  the  engines  for  the  past 
numbers  of  years  will  be  replaced  with  the  longer-tapered  Inlets  in 
order  to  avoid  high  local  velocities  right  at  the  cowling  lip.  Where 
the  design  requires  a  side  Inlet,  the  problem  becomes  somewhat  more 
complex;  but  reasonable  solutions  for  these  Inlets  have  been  obtained 
for  the  speed  range  that  has  been  discussed. 

To  conclude,  a  rather  broad  discussion  of  some  information  which 
is  applicable  to  the  design  of  transports  to  operate  efficiently 
aerodynamlcally  and  safely  in  the  speed  range  of  5C0  to  600  miles  per 
hour  has  been  given.  In  order  for  the  transport  to  operate  In  the  . 
speed  range  of  5^0  to  600  miles  per  hour  the  wing  thickness  ratio  was 
reduced  to  10  percent  and  the  wing  was  swept  back  as  shown  In  figure  1. 
In  addition,  the  fineness  ratio  of  the  fuselage  was  Increased  the  . 
position  of  maximum  diameter  was  moved  rearward,  and  a  rather  sharp 
nose  shape  was  used.  Also,  the  rather  large-diameter,  blunt-type 
nacelle  was  replaced  with  a  sraaller-dlameter ,  long,  tapered  nose 
Inlet.  Some  discussion  of  the  aeroelastic  problems  which  occur  to 
make  the  design  problem  somewhat  difficult  was  also  given.  There  are 
other  factors  such  as  the  pertinent  engine  and  propeller  characteris¬ 
tics,  choice  of  power  plant,  that  is,  the  turbo-prop  or  the  turbo-jet, 
etc.,  that  enter  Into  the  feasibility  of  flying  at  high  speeds.  But, 
essentially  the  aerodynamic  factors  which  were  discussed  determine  to 
a  great  extent  whe'her  this  transport  will  operate  erficlcntly  and 
economically. 
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Figure  1.  -  Comparison  of  present  day  and  future  day  transports. 
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Figure  2.  -  Variation  with  Mach  number  of  the  drag  coefficient  and  lift 
to-drag  ratio  for  level  flight  for  a  modern  four-engine  transport. 
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Figure  9.  -  Nacelle  configurations. 


Figure  10.  -  Effect  of  Mach  number  on  the  external  drag  characteristic 

of  three  nose  inlets. 
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qualities  K)r  thin-.jmg  jiiJD  3.,ept-.;b:g  ..IRPLaIIES 
By  Lawrti^icc  A,  dousing 
Ames  Aeronautical  Laboratory 


Future  high-speed  aalrcraft  ;vill  no  dcubt  incorporate  thin  wings, 
swept  wings,  or  thin  swept  wings.  These  typos  of  wings,  while  very 
desirable  from  high-speed  considerations,  create  a  tiumber  of  pro¬ 
blems  in  obtaining  satisfactory  low-speed  flying  qualities. 

For  thin  wings  and  wings  of  small  valiies  of  sweepback,  that  is, 
for  mngs  not  exceeding  about  35°  of  sweepback,  the  problem  of  ob¬ 
taining  satisfactory  low-speed  flying  qualities  is  not  very  diffi¬ 
cult  of  solution,  A  number  of  airplanes  having  svjeptback  wings  of 
about  35®  are  operating  with  relati.ve].y  satisfactory  low-speed  char¬ 
acteristics,  the  main  differences  in  low-spoed  handling  from  those 
of  conventional  aircraft  being  due  principally  to  the  characteristics 
of  the  jet  power  plant  rather  than  to  the  aerodynamic  characteristics 
of  the  airplane.  As  sweepback  of  a  wing  becomes  larger  than  about 
35®,  however,  aerodynamic  problems  increase  in  magnitude  pronouncedly. 
It  is  the  problem  of  obtaining  satisfactory  low-speed  flying  qualities 
for  the  airplane  with  highly  sweptback  wing  that  at  present  prevents 
serious  consideration  being  given  to  the  use  of  highly  swept-back 
wings  on  other  than  research  airplanes,  even  though  high  values  of 
sweepback  offer  considerable  advantages  at  high  spaed. 

It  is  the  purpose  of  this  paper  to  summarize  the  nature  of  the 
low-speed  stability  and  control  problems  that  arise  through  the  use 
of  thin-wing  and  swept-wing  airplanes,  and  to  briefly  touch  upon  the 
results  of  researcli  work  accomplished  or  under  way  that  indicate  the 
possibility  of  ultimately  providing  satisfactory  low-speed  flying 
qualities  for  even  very  high  sweptback  wing  airplanes. 

The  main  problems  created  at  low  speed  by  use  of  thin  wings  are 
those  of  an  increase  in  landing  speed  and  a  tendency  toward  undesir¬ 
able  stalling  characteristics,  Pigpre  1  shows  the  general  trend  of 
the  variation  of  maximum  lift  coefficient  with  thickness  ratio  (ref¬ 
erences  1,  2,  and  3),  This  variation  is  shown  for  an  airfoil  with 
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no  flaps,  and  for  an  airfoi  l  viith  a  split  flap.  Note  l.hat  mzrxinxun 
lift  coefficient  of  the  airfoil  .dth  flaus  decreases  cont  i.naoasly 
with  deci eases  ip  thickness  ratio  throughout  the  range  shu.'Wi^  and 
the  decrease  is  more  pronounced  than  for  the  airfoil  without  flaps. 

In  terms  of  stalling  speed,  these  data  chow  that  in  the  case  of  the 
airfoil  with  flaps,  a  i7“percent  increase  in  ctalliri.g  speed  would 
result  from  decreasing  the  thickness  ratio  from  l6  percent,  which 
is  typical  of  the  thickness  ratio  on  cont-'niporary  transport  airplanes,  to 
9  percent  which  is  probably  typical  of  fuluro  airplanes.  Below  approx¬ 
imately  12-percent  thickness  ratio,  a  change  in  the  nature  of  the  in¬ 
itial  flow  separation  at  stall  occurs  (see  refei’ence  3)*  Instead  cf 
separation  starting  at  the  trailing  edge,  it  may  be  expected  to  start 
at  the  leading  edge.  On  airfoils  of  about  9  to  12  percent  thickness 
ratio,  this  results  in  abrupt  separation  of  the  flow  from  the  entire 
upper  surface  at  stall  with  adverse  effects  on  the  nature  of  the  stall 
and  stai.l  .v;arnlng.  Thus  it  is  apparent  that  if  maximum  lift  and  satis¬ 
factory  stalling  characteristics  are  to  bo  preserved  on  thin  airfoils, 
loading-edge  separation  must  be  prevented  or  controlled. 

Control  of  leading-edge  separation  is  possible  to  a  limited  ex¬ 
tent  by  use  of  camber  arid  by  making  the  leading  edge  more  round,  and 
to  a  large  extent  by  use  of  slats,  drooped  leading-edge  arrangements 
of  varioue  types,  and  suction.  In  figure  2  sectional  forms  of  some 
types  of  leading-edge  devices  that  have  been  studioci  with  respect  to 
their  ability  to  control  separation  at  the  leading  edge  are  shown 
(references  4,  5,  6,  and  7)»  Their  effectiveness  in  combination  with 
several  types  of  trailing-edge  devices  is  also  indicated.  Although 
the  values  given  are  for  airfoils  of  12-porcent  tl-ackness  ratio, 
rather  than  for  the  thinner  airfoils  being  discussed,  comparable  data 
on  thinner  wings  not  being  available,  enough  is  known  to  Indicate  that 
these  data  are  indicative  qualitatively  of  the  effects  of  such  devices 
on  thinner  airfoils.  The  airfoils  shown  on  the  right-hand  side  of 
the  figure  have  no  camber,  whereas  those  on  the  left  side  have  slight 
camber.  It  is  apparent  from  a  comparison  trith  the  plain  airfoil ‘sec¬ 
tions  that  camber  increases  maximum  lift  coefficient.  On  the  air¬ 
foils  on  the  right,  two  types  of  drooped  or  extensible  leading  edges 
are  shown,  and  it  may  be  seen  that  each  increases  maximum  lift  co¬ 
efficient  whether  applied  to  a  plain  wing  or  to  a  wing  with  a  split 
flap.  It  vd.ll  be  observed  that  one  type  is  much  better  tfian  the 
other,  pointing  to  the  possibility  that  research  will  lead  to  even 
better  arrangements.  On  the  left,  slats  in  combination  with  a  plain 
wing  and  in  combination  with  wings  having  double  slotted  flaps  are 
shown.  It  may  be  seen  that  an  increase  in  maximum  lift  comparable 
to  that  obtained  with  a  drooped  leading  edge  may  be  attained  by  use 
of  a  slat.  As  illustrated  by  the  airfoil  on  the  upper  left,  addi¬ 
tional  increase  in  maximum  lift  can  be  obtained  by  removing  part  of 
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the  boundary  layer  by  suction,  in  this  case  through  a  slot  loc<ated 
at  40  percent  of  the  chord. 

From  this  brief  sn.rinary  of  tests  on  hirh-lift  devices,  it  is 
apparent  that  means  exist  for  bringing  the  naxiniura  lift  of  thin 
wings  up  to  and  in  excess  of  the  values  that  exist  for  wings  of 
present-day  conventional  values  of  thickness  ratio,  but  at  the  ex¬ 
pense  of  adding  gadgets  to  the  leading  edge.  The  addition  of 
leading-edge  slats  or  other  devices  need  not,  however,  complicate 
piloting  toclinique,  as  these  devices  nay  be  made  to  operate  auto¬ 
matically.  Considercible  satisfactory  flight  exf^rience  with  auto¬ 
matic  operation  of  slats  has  already  been  obtained. 

If  swept  wings  are  used,  the  usable  stalling  speed  tends  to 
increase.  The  reasons  for  this  are  somewhat  complex,  and  will  now 
be  explained.  In  actuality,  ma:dmum  lift  does  not  necessarily  de¬ 
crease  with  sweepback.  In  figure  3  the  relative  nax:i.mum  lift  as 
detemined  by  experiment  (references  3,  10,  and  11)  and  as  pre¬ 

dicted  by  simple  theory  is  plotted  as  a  function  of  sweepback  angle, 
.'ilso  shown  on  the  chart  is  the  angle  of  attack  for  maximum  lift  plot- 
ed  as  a  function  of  S7^eepback,  The  relative  maximum  lift  shown  is 
the  ratio-  of  the  lift  of  the  wing  at  a  given  angle  of  sweepback  to 
the  lift  of  a  similar  wing  at  zero  sweepback.  Notice  that  simple 
theory  predicts  a  decrease  in  maximum  lift  with  increase  in  sweep- 
back.  This  simple  theory  is  based  on  the  fact  that-,  as  a  wing  is 
swept  back,  the  component  of  velocity  normal  to  the  wing  loading 
edge  varies  as  about  the  square  of  the  cosine  of  the  angle  of  sweep- 
back,  Experiment  shov/s  that  increase  in  sv/oepback  is  accompanied  by 
a  decrease  in  relative  ma:diTiUm  lift  smaller  than  that  predicted  by 
simple  theory  or  even  by  no  increase.  This  is  one  case,  however,  as 
will  be  explained,  whor-e  simple  theory  is  fairly  representative  of 
the  practical  aspects  of  the  sitr;atiQn  in  regard  to  the  usable  lift 
of  an  unmodified  sweptback  wing.  In  itself,  maximum  lift  cannot  be 
used  to  evaluate  the  highest  lift  at  which  a  swept-wing  airplane  may 
operate.  The  influences  of  attitude,  pitching  moments,  and  drag  due 
to  separated  flow  limit  the  usable  lift  of  a  swept-wing  airplane. 

The  influence  of  altitude,  pitching  moments,  and- drag  will  be  dis¬ 
cussed  in  turn,  followed  by  a  brief  discussion  of  research  work  di¬ 
rected  at  modifying  the  s-woptback  wing  to  extend  the  limits  imposed 
by  these  factors.  The  upper  curve  indicates  the  extent  to  which 
angle  of  attack  of  a  sv;eptback  wing  must  be  increased  to  attain  max¬ 
imum  lift,  and  is  based  on  experimented  data  for  wings  of  the  plan 
forms  shown  (references  10  and  11),  This  curve  shows  that  an  angle 
of  attack  of  about  37  degrees  would  be  required  to  obtain  maximum 
lift  of  a  wing  swept  back  63  degrees,  and  that  about  20  degrees  angle 
of  attack  would  be  required  to  obtfdn  maximum  lift  of  a  wing  swept 
back  about  45  degrees,  ^dthoagti  no  definite  figure  can  be  given  here 
as  to  the  largest  angle  of  attack  that  can  be  used  in  practice  for 
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landings  and  takeofTs,  it  is  apparent  that  an  accoptcable  attjtude 
for  an  airplane  v/ill  be  less  than  the  value  of  37  degrees.  There 
are  means  of  minindzing  the  attitude  problem  here  pos'od_,  and  they 
will  be  mentioned  later. 

The  limiting  v;’-luo  of  the  lift  of  a  sweptback  v;ing  is  in  essence 
a  f^inction  of  the  nature  and  extent  of  separation  of  airflovii  that 
occurs  prior- to  reaching  meaximum  lift.  S.^paration  affects  lift.,  pitch¬ 
ing  moments,  rolling  moments,  and  drag.  The  separation  pattern  shoveu 
in  figure  4  is  typical  of  the  separation  pati^ein  of  moderately  swept¬ 
back  wings  (references  12  and  13^.  iiere  the  separation  patt-orns  at 
three  angles  of  att;ick  indicated  at  A, B.,  and  C  are  shown,  and  each 
pattern  is  correlated  with  the  value  of  lift  coefficient  and  pitch¬ 
ing  moment  corresponding  which  are  plotted  as  functions  of  angle  of 
attack  in  the  diagram  above.  Consider  first  the  effect,  of,  a  stall- 
pattern  sequence  of  this  type  on  the  pitching  mont.:.t  that  occurs  as 
angle  of  attack  is  increased,  as  rougn  flow  first  occurs  at  A  a 
nosing. up  tendency  develops  as  shown  by  the  change  in  the  shape  of 
the  pit ching- moment  curve.  As  angle  of  attack  is  increased  the  up¬ 
ward  trend  of  the  pitching  mom<mt  curve  continues,  and  the  extent  of 
rough  flow  enlarges  till  the  condition  shown  at  B  is  reached,  ns  the 
angle  of  attack  is  increased  beyond  the  value  at  B  the  outer  portion 
of  the  wing  completely  stalls  abruptly,  follovjing  a  very  small  change 
in  ang^e  of  attack;  the  center  of  lift  moves  abriiptly  forward,  and  an 
abrupt  nosing-up  pitching  moment  is  produced  as  well  as  a  loss  of  lift. 
The  abrupt  pitching  up  motion  is  very  undesirable.  It  limits  the  lift 
value  that  may  be  used  in  practice  irrespective  of  -v/hjther  maximum 
lilt  is  attained.  On  wings  of  higher  values  of  swoop  back  the  abrupt 
pitching  up  motion  devlops  before  m:iiJjaum  lift  is  reached.,  This  is 
illustrated  in  figure  5,  in  which  pitching  moment  is  olotted  as  a 
function  of  lift  coefficient  for  wings  of  0,  45  and  63  degrees  of  ■ 
sweep  back,  iiote  that  on  the  63''degroa  sweptback  wing  the  pitching- 
up  tendency  developed  at  a  lift  coefficient  of  only  .5,  whereas  the 
45-degree  sweptback  wing  it  developed  at  a  lift  coefficient  of  .appiox- 
imately  ,7,  In  each  case  it  is  considerably  below  the  value  of  max¬ 
imum  lift  coefficient,  Aote  also,  in  contrast,  that  the  wing  of  zero 
sweepback  developed  a  slight  nosing-down  tendency  when  separation 
occurred  and  that  separation  occurred  at  the  maximum  lift  coefficient. 
Another  point  of  interest  is  -that  -the  -wing  of  63”-degraes  s-weepback 
developed  an  unduly  large  nosing-dovm  tendency  at  a  low  value  of  lift 
coefficient.  Although  this  nosing-down  moment  can  be  dealt  with  from 
the  stability  standpoint  by  the  horizontal  tall,  the  large  nosing- 
down  pitching  moment  would  cause  a  considerable  down  load  being  re¬ 
quired  on  the  horizontal  tail  for  balance  with  attendant  loss  of 
total  airplane  lift,  increased  size  and  weight  of  the  tall,  and  in¬ 
creased  drag.  The  effects  regarding  pitching  moment  are  reduced  in 
magnitude  and  may  be  eliminated  if  aspect  ratio  is  reduced  sufficiently. 
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but  .inasmuch  as  low-aspoct-ratio  wings  would  not  afford  economical 
operation  tlds  m ^ans  for  eolation  of  the  pitching  moment  problem 
wi  ll  not  be  discussoo. 

Various  devices  may  be  used  to  control  separation  on  sv/ept 
vdngs  Qixd  thereby  eliminate  the  adverse  pitching  moments  just  dis¬ 
cussed.  Some  of  these  devices,  on  which  research  stuaies  have  been 
carried  out,  are  ili.ustrated  in  figure  6  and  the  effect  of  each  on 
the  pitching  moment  of  a  id?-degi'ee  sweptback  wing  is  shown  (references 
14  and  15).  dote  that  v/hen  a  norma.1  split  flap  was  used  on  the  con- 
figurn.tion  shown  to  the  left,  the  curve  of  pitching  moment  as  a  func¬ 
tion  of  lift  coefficient  broke  in  a  nosing-up  direction  at  the  max¬ 
imum  value  of  lift  coefficient.  The  addition  of  a  loading  flap  as 
shown,  however,  caused  the  pitching  moment  to  break  in  a  desirable 
direction,  and  e:cteuded  the  iiiaxi.muia  lil't  coefficient  as  well.  When 
a  slat  was  used  the  end  result  was  favorable,  but  an  undersirable  re¬ 
gion  of  instability  cccurred  just  before  maximum  lift  was  developed. 
This  unstable  region  was  reraoved  by  the  addition  of  ;m  upper- surface 
fence  located  at  the  inward  end  of  the  slot. 

It  should  be  noted  that  the  feregoing  discussion  has  dealt  with 
the  pitching  moment  effect  of  the  wing  alone.  The  addition  of  a  hori¬ 
zontal  tail  would  tend  to  alleviate  the  adverse  effects  shown. 

.'The  results  of  separation  with  regard  to  rolling  and  buffeting 
tendencies  (figure  4)  will  be  discussed  from  the  standpoint  of  stall 
warning  and  stalling  characteristics.  The  fact  that  separation  occurs 
near  the  tip  and  spreads  inboard  abruptly  would  appear  to  indicate 
that  such  a  wing  would  have  undersirable  roll  v;hen  this  occurred,  and 
that  there  vrould  be  a  loss  in  aileron  effectiveness.  Oji  another  more 
hi-ghly  sweptback  wing,  however,  as  shown  in  figure  7#  separation 
progresses  rather  gradually  with  change  in  angle  of  attack,  inasmuch 
as  a  12-degree  change  in  angle  of  attack  is  required  for  separation 
to  develop  to  the  extent  shown.  This  could  indicate  that  adequate 
stall  warning  by  buffeting  m.ight  exist,  and  that  roll-off  might  not 
occur  abruptly.  The  probable  stalling  characteristics  of  swept-wing 
airplanes  are  not  yet  fully  predictable.  Evidence  to  date  indicates 
that  the  roll-off  tendencies  at  stall  on  airplanes  with  highly  swept 
wings  may  not  be  as  adverse  as  once  thought,  and  flight  data  to  date 
in  general  indicate  relatively  good  stalling  characteristics  are 
possible  of  attainment  on  swept.back-wing  airplanes. 

As  pointed  out  earlier,  the  occurrence  of  separated  air  flow, 
should  be  considered  also  because  cf  its  effect  on  increasing  drag. 

The  effect  of  separation  is  to  cause  an  unduly  large  increase  in 
drag  before  ma-ximiun  lift  is  reached.  Th:s  increase  required  greater 
engine  power  to  sustain  level  flight  than  would  be  the  case  if  there 
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were  no  separation,  or  putting  it  another  way,  separation  incroeses 
the  power-off  glide  angle.  The  lift-drag  ratio,  an  important  factor 
to  Consider  in  rogai’d  to  the  glide  ang].e  and  sinking  speed,  is  shown 
in  figure  8  as  a  function  of  lift  coefficient  for  vdngs  of  constant 
v/ing  panel  aspect  ratio  set  at  sweepback  angles  of  0,  45,  and  63  de¬ 
grees.  It  will  be  noticed  that  the  combined  effects  of  sweepback, 
decrease  in  aspect  ratio,  and  separation  cause  the  lift-drag  ratio  of 
the  sweptback  wings  shown  to  be  quite  i.ow  at  the  lift  coefficients 
pi-obablo  during  approach  and  laiiding.  It  is  known  that  the  value  of 
the  lift-drag  ratio  of  an  airplane  during  acproach  and  landing  has  a 
significcuit  bearing  on  the  ease  v;ith  which  a  pilot  can  effect  a  land¬ 
ing  (references  16  and  17).  If  the  ratio  is  too  high,  the  glide  path 
is  too  shallow  and  the  airplane  tends  to  float  during  landing.  If 
the  ratio  is  too  lov/,  the  povjcr-off  sinking  speed  and  gli.de  angle  be¬ 
come  large.  Flight  tests  have  indicated  that  if  the  lowest  possible 
power-off  sinking  speed  during  approach  is  greater  than  25  feet  per 
second,  pilots  will  have  difficulty  in  making  conslstontly  good  power- 
off  landings.  However,  pilots  have  landeo  researh  airplanes  satis¬ 
factorily  with  power  off  even  though  sinl<xng  speeds  were  considerably 
higher  than  25  feet  pei-  second.  In  these  cases,  however,  largo  areas 
were  available  for  landing  so  taat  the  need  of  .landing  at  a  given  spot 
was  eliminated.  The  lower  limit  of  lift-drag  ratio,  as  det^rmir-cd  by 
landing  considerations,  tias  not  yet  been  established,  Suff icier;, 
information  is  available,  however,  to  indicate  that  lift-drag  ratio 
will  have  a  definite  bearing  on  pilot  technique  at  landing  and  take-off. 

The  characteristics  of  flaps  in  increasing  the  lift  of  sweptback 
wings  will  now  be  discussed.  Figure  9  shows,  for  the  case  of  a  typical 
flap  installation,  the  increment  of  maximum  lift  coefficient  due  to 
flaps  plotted  as  a  function  of  sweepback  (reference  18),  It  wiJ.l  be 
noted  that  the  increment  of  iraximum  lift  coefficient  decreas<,s  with 
increase  in  sweepback,  becoming  zero  at  about  60  degree^  of  sweepback. 
Flaps  nevertheless  offer  a  considerable  advantage  ^evon  on  v:.ry  highly 
swept  back  wings.  This  advantage  can  be  cxplairfod  by  rfjferonce  to  the 
diagram  in  the  upper  right  in  which  I’ift  coefficient  is  plotted  as  a 
function  of  angle  of  attack  for  the  case  of  a  wing  with  no  flap  and 
for  the  case  of  a  wing  with  a  flap.  It  may  be  observed  here  that  the 
increment  of  maximum  lift  coefficient  is  hot  indicative  of  the  incre¬ 
ment  at  any  given  angle  below  the  angle  of  attack  for  maximum  lift, 

This  is  true  even  for  wings  of  sweep  back  up  to  60  degrees  and  higher. 

As  has  been  pointed  out  earlier,  the  maximum  lift  that  can  be  utilized 
will  be  at  some  argle  of  attack  below  that  for  maximmri  lift.  Thus,  even 
though  no  increment  in  maximum  lift  coefficient  is  available  from  flaps 
on  .highly  swept  back  wings,  an  appreciable  increment  is  available  at 
the  values  of  lift  that  can  be  used,  A  curve  of  the  increment  of  lift 
coefficient  due  to  flaps  at  some  angle  less  than  the  angle  for  maximum 
lift  would  be  at  an  increment  of  lift  coefficient  about  ,2  above  the 
curve  shown  and  roughly  parallel  to  it. 
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Although  flaps  are  useful  on  sweptback  v/ings,  and  slats  and 
drooped  l-sading- r-dgo  arrangcne.its  are  a  noans  of  conti'ollinc  leading- 
edge  separation  (ref t,rc'nc(;3  19,  20,  and  21; ,  their  combined  effect  is 
net  sufficient  to  provide  cofipletely  satisfactory  characteristics  for 
highly  swoptback  wings.  Twisting  a  sv/eot  wing  from  the  ix)ot  to  the 
tip  so  that  tJie  tip  i;>  at  a  small  or  apglo  of  attack  ar^d  varying  the 
camber  along  thv;  span  also  helps  to  d-;lj,y  sr;])araticn  cn  a  sweptback 
wing  (reference  22;,  but  more  help  is  needed. 

The  use  of  leading-edge  suction  is  a  method  for  the  improvement 
of  3VJopt-wing  characteristics  that  shoiac  coiisiderablo  promise.  Re¬ 
duction  of  drag  is  also  possibl-o  by  the  use  of  suction,  but  this 
phenomenon  will  not  be  discussed  hers,  important  as  ia  is.  The 
application  of  suction  will  be  cov\-;idered  primarily  in  regard  to 
its  usefulness  in  improving  the  pitching- moment  chcaraet  eristics. 

Figure  10  shows  a  ^S-dagree  swoptbnek- wing  model  having  an  aspect 
ratio  3. A.  A  slot  of  ,005  chord  length  was  located  at  th-,.  leading 
edge  as  is  shown  in  th„  plan  foA'in  an^i  sectional  views,  idr  was 
drawn  in  through  the  slot  and  discharged  through  the  wing  by  moans 
of  tho  duct  sho’.vn  in  the  sectional  view.  The  effect  on  the  pitching 
moment  of  sucking  a  moderate  ainount  of  air  through  th(:  slot  at  the 
leading  edge  is  shov.'n  on  the  curves.  Note  that  without  suction  the 
curve  of  moment  coefficient  showaed  an  undersirccly  large  nosing-down 
tendency  above  a  lii't  coofficieiit  of  .9,  end  that  it  showed  an  unde¬ 
sirable  abrupt  pitching-up  tendez'.cy  at  a  lift  coeffici>nst  of  about  1,0. 
It  v/ill  bo  noted  thewt  the  p.itching-up  tendency  at  stall  was  changed  to 
a  pitching-down  tendency  by  use  of  suction  in  a  slot  of  50-percent  of 
the  span,  and  that  a  higher  value  of  lift  was  obtained  by  use  of  the 
suction.  The  use  of  a  7A-pcrcont-span  slot  increased  the  lift  obtain¬ 
able  before  an  abrupt  pitching  tendency  occurred,  but  it  did  not  elimi¬ 
nate  the  pitching-up  tendency.  Further  r.-search  on  the  use  of  suction 
foi-  the  improvanont  of  the  lov7-speed  characteristics  of  sv;epb  wings  is 
in  progress  and  it  is  showing  consider,'ible  promise. 

Other  me.ans  of  obtaining  satisfactory  low-speed  characteristics 
for  swept-wing  airplanes  are  those  of  employing  a  V7ing  of  variable  in¬ 
cidence  or  of  variable  sweepback.  Such  mv^ans  of  eliminating  the  un¬ 
satisfactory  low-spaed  characteristics  of  highly  swept-wing  airplanes 
are  being  investigated,  but  they  offer  considerable  mechanical  diffi¬ 
culty  and  will  not  ba  discussed  here. 

Figure  11  illustrates  some  points  of  interest  with  regard  to 
lateral  control  at  low  speeds  (references  23  and  24),  The  lower  curve 
shows  the  rolli;jg  ability  of  ailerons,  as  swoep  back  is  increased,  in 
terms  of  helix,  angle  at  the  vjing  tip  of  the  swept  wing  in  comparison 
to  the  helix  angle  at  the  wing  tip  of  th.j  wiiig  of  zero  sweepback.  It 
is  seen  that  sweepback  reduces  the  ability  of  tho  ailerons  to  create  a 


large  v;ing-tip  helix  angle  in  roll.  However,  for  the  case  sho;vn  in 
which  the  nii'plane  aspect  ratio  anci  consequently  the  clamping  in  roll 
is  reduced  as  swcepback  is  increased,  the  actual  rolling  velocity  in 
degrees  of  roll  per  second  does  not  change  appreciably  with  ; aveepback. 
In  the  upper  curve,  the  total  aileron  angle  required  to  prevent  roll 
when  the  airplane  is  at  7  degrees  steady  sideslip  is  shown  as  a.  func¬ 
tion  of  sweepback.  Notice  that,  a.s  owcepback  i;  increased,  tht.  ability 
of  the  aileron  to  hold  tne  airplariu  in  a  steady  sideslip  is  I'educed. 
This  reduction  is  due  to  both  a  reduction  in  aileron  effectiveness  and 
to  an  increase  in  dihedral  effectiveness  at  the  higher  values  of  liCt 
coefficient  a.s  swvecpback  is  increased.  The  characteristics  here  ill¬ 
ustrated  may  cause  eifficulty  in  effecting  cross-wind  landing  and  take¬ 
off,  thc3reby  resulting  in  cross -wind-landing  and  take-off  conditions 
being  one  of  the  critical  conditions  di.tormining  ail>jron  i^ffoctivcness 
requirements.  I'igure  12  illustrates  some  «:ffects  of  sweepback  on 
the  lateral  dynarrd.c  characteristics  of  airplanes.  The  number  of  os- 
sillations  required  to  dairp  a  lateral  oscillations  to  one  h'  '  ^  am- 
plitude  is  plotted  as  a  function  of  sweepback.  It  may  be  ss-^n  that 
as  sweepback  increases,  any  lateral  oscillation  th-.t  may  occur,  such 
as  that  due  to  a  gust  will  be  less  rapidly  damped  and  actually  be¬ 
coming  unstable  as  indicated  by  infinite  time  beirg  required  for  damp¬ 
ing,  at  some  value  of  sweepback,  the  exact  v:ilue  depending  on  other 
factors.  The  question  as  to  whether  or  not  the  oscillation  must  bo 
rapidly  or  need  be  only  moderately  -damped  depends  on  the  period  of 
the  oscillation  and  the  flight  conditicas  (reference  25) *  At  land¬ 
ing  approach,  the  period  is  long,  anri,  in  general  relatively  low 
damping  can  bo  tolerated  because  the  pilot  can  stop  the  oscillation 
rather  easily  by  use  of  his  controls  a  At  cruic.i.ng  speeds,  hovicver, 
low  damping  cannot  be  tolervutod  because  the  period  is  short  and  it 
becomes  difficult  for  the  pilot  to  stop  the  oscillations. 

Considerable  research  has  been  completed  and  additional  work  is 
being  carried  out  relative  to  the  problem  of  obtaining  satisfactory 
lateral  dynamic  chai’acteristics  for  swept-wing  airplanes.  Generalized 
studies  have  shown  that  much  can  be  done  by  relatively  simple  changes 
to  airplane  configurations ^  Also,  research  studies  have  shown  that 
the  use  of  servomechanisms  r^-^sponding  to  various  signals  offer  much 
promise  as  a  means  of  providing  .satisfactory  dynamic  stability  charac¬ 
teristics  (reference  25),  This  work  may  be  likened  to  that  of  em¬ 
ploying  apparatus  some;vhat  similar  to  that  of  -an  auto-pilot  for  im¬ 
proving  the  dynamic  characteristics  of  an  airpLane  when  flying  under 
direct  human  pilot  control. 

In  summary,  thin  wings  and  high  values  of  sweepback  intensify 
the  landing  and  takeoff  problems  of  airplanes.  .Up  to  35°  of  sweep, 
the  problems  of  landing  and  takeoff  of  airplanes  can  be  dealt  with 
by  more  or  less  conventional  means;  that  is,  by  flaps  and  slats. 
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Above  35  fJ-f  svioep,  rnorc  extreme  means  are  necessary.  Drooped 
leac.’’ titZ-edro  .•^rrarigerKonts,  ca^’ibeT-  ana  twist,  leading-edge  suction, 
vari'.ble-inci'ltnce  ai-r''ng  ‘iu.nts,  and  variable- s we  -.p  arrangements 
offer  considLi'cblG  eroi.dse.  Consider .-.bl-j  r.search  and  development, 
however,  will  b.  n  ,u 
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Figure  1.  -  Effect  of  airfoil  thickness  ratio  on  the  section  maximum  lift 

coefficient  with  and  without  flaps. 


Figure  2.  -  Some  types  of  leading-edge  and  trailing-edge  devices,  and 
their  effect  on  section  maximum  lift  coefficient. 
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Figure  3.  -  Effect  of  sweepback  on  the  angle  of  attack  for  maximum  lift 
and  on  the  ratio  of  the  maximiam  lift  at  a  given  angle  of  sweepback  to 
the  maximum  lift  at  zero  sweepback. 


Figure  4.  -  Nature  of  the  development  of  airflow  separation  on  a  moder¬ 
ately  swept  back  wing  and  its  effect  on  the  pitching  moment. 
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Figure  5.  >  Effect  of  sweepback  on  the  characteristics  of  the  variation 
of  pitching  moment  with  lift  coefficient. 
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Figure  6.  -  Effect  of  high-lift  and  stall-control  devices  on  pitching 

moment. 


Figure  7.  -  Nature  of  the  development  of  separation  on  a  wing  of  fairly 

large  sweepback. 


Figure  8.  -  The  value  of  lift-drag  ratio  as  a  function  of  lift  coefficient 
for  three  wings  having  different  values  of  sweepback  and  aspect  ratio. 
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Figure  12.  -  Lateral  dynamic  stability  as  affected  by  sweepback. 
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AMOmrnaQ  COITSIDBRATIONS  for  HICE-SPEED  TRAilSPORT  AIRPLADES 
13.  SPEED  BRAKES  FOR  HICK-SPEED  TRAilSPORT  AIRPIAUBS 
By  Jack  D,  Stophonson 
Affii>8  Aeronautical  Laboratory 


The  devolopmont  and  operation  of  largo  airplanes  capable  of  high 
speeds  at  hi^  altitudes  have  indicated  the  existence  of  now  problems 
that  must  bo  met  before  the  performance  possibilities  of  those  airplanes 
can  bo  fully  o»Dloitod« 

One  problem  that  has  gained  importance  is  that  of  descending  from 
high  altitude  when  the  time  of  the  descent  must  be  reduced  to  a  minimuma 
Improved  aoro^^^mamic  design  which  has  effected  substantial  reductions  in 
drag  of  transport  airplanes  has  added  to  the  danger  of  excessive  diving 
speeds.  The  combination  of  lov/  drar  and  high  engine  power  available  at 
high  altitude  has  brought  practical  cruising  speeds  near  to  the  maximum 
placard  spood.  For  turbojet  airplanes  the  cruising  speed  has  boon  osti- 
ma'  .d  at  as  high  as  95  percent  of  the  maximum  permissible  spood. 

The  permissible  speed  at  the  higher  altitudes  for  most  airplanes  is 
determined  by  compressibility  effects  and  is  specified  in  terms  of  the 
airplane  Mach  number.  With  only  a  narrow  margin  between  tho  operating 
speed  and  tho  maximum  allowable  Mach  number,  ovorspeeding  may  occur  un¬ 
der  conditions  which  would  precipitate  severe  stability  changes  and 
buffeting  before  there  is  time  to  take  preventive  mcpsurcs. 

At  lower  altitudes,  tho  diving  speed  of  most  airplanes  is  limited 
to  the  indicated  speed  for  vdiich  tho  structure  is  designed,  At  this 
spood  tho  maximum  dive  angle  of  an  aorodynamicelly  clean  airplane  may 
bo  quite  low,  and  the  rate  of  descent  considerably  less  thru  that  desired 
The  most  important  use  of  aerodynamic  brakes  on  transport  airplanes  is  ' 
then  to  avoid  excessive  diving  speeds  and  permit  high  rates  of  descent, 

Tho  amount  of  aorodj'namic  braking  that  is  considered  essential  to 
somo  transport  aircraft  is  based  iq)on  criteria  that  mean  extremely  high 
rates  of  descent,  Ono  such  criterion  is  the  roquirom'ont  intended  to 
minimizG  tho  potential  danger  of  flight  at  altitudes  where  cabin’ press¬ 
urization  is  nocossary.  If  tho  cabin  prossuro  should  suddenly  bo  lost 
as  a' result  of  damage  to  tho  prossurizod  conroartmont,  first  consideration 
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woa].d  1)0  given  to  descending  with  EinimuE  delay  to  an  altitado  where 
prossurization  is  unnocessary.  In  an  emergency  descent  sach  as  this, 
there  is  evidence  that  rato'5  of  descent  as  high  as  15,000  feet  per 
luinuto  or  higher  arc  to  "bo  desired,  Simliar  high  rates  of  dTS.-unt 
weald  Vo  sought  if  brakes  are  provided  as  a  safety  device  to  allcw  an 
emergency  descent  and  landing,  occasioned,  for  example,  by  the  r'i;:. cover;’’ 
of  fire  while  in  flight. 

An  example  of  the  descent  performance  of  a  transport  airelan.  ’^;:th 
an  aerodynamic  brake  of  a  size  that  appears  to  be  structurally  feasible 
is  illustrated 'in  figure  1,  The  dotted  curve  is'  the  flight  path  uf  the 
airplane  descending  without  brakes,  and  the  solid  curve  is  the  path  that 
might  be  followed  if  brakes  are  oniploytd. 

By  use  of  air  brakes,  the  time  far  descent  from  35}00‘^  feet  to  sea 
level  has  boon  reduced  from  IS  minutes  to  minutes^  The  change  in 
the  ddacont  performance  shown  ,x;ro  cannot  bn  considered  ns  a  general  in¬ 
dication  of  brake  performance,  however. 

The  performance  of  any- particular,  brake  depends  not  only  upon  the 
brake  itself,  but  also  upon  airplane  chatacteristics,  such  as  v/mg  load¬ 
ing,  drag,  and  engine  thrust,  and  -upon  fxignt  conditions  at  the  timo  when 
the  braking  is  required,. 

The  rate  of  descent  of  an  airplane  under  any  given  set  of  cond-Itiorr: 
may  bo  used  as  a  measure  of  braj-:c  porforraanco,  since  the  drag  increment 
due  to  a  partioular  brake  can  bo  estimated  fairly  closely  and  thus  re¬ 
lated  to  rate  of  descent. 

It  has  been  indicated  that  the  speed  of  a  diving  airplane  is  nor¬ 
mally  limited  by  compressibility  effects  or  structural  loadings^.  Tho 
rate  of  descant  of  an  airplane  having  these  speed  limitations  ;ls  s’lO'.'n 
in  figure  2  for  three  diving  attitudes.  The -solid  cuvvor.  are  tlio  cal¬ 
culated  vertical  speed -as  a  function  of  altitude  for  an  indicated  air¬ 
speed  of  }00  miles  per  hour  and  the  dottod  curves  arc, for  a  Mach  number 
of  0,7,  ,ThQ  graph  may  bo  used  to  show  the  effect  of  altitude  on  the  rate 
of  descent  of  an  airplane  for  v/hich  the  speed  is  at  first  held  at  a  con¬ 
stant  Mach  numbers  at  the  altitude  where  the  maximum  perniissiblo  indica¬ 
ted  speed  is  attained  at  that  Mach  number,  the  doscont  is  then  made  at 
constant  indicated  airspeed^  The  dive  anf:lon  that  were  chosen,  20'^.-.  25°, 
and  30° >  are  based  upon  the  airplane  attitude  as  determined  from  the 
flight-path  angle  and  angles  of  attack,  assuming  a  v;ing  loading  of  60 
pounds  per  square  foot.  The  airplane  attitude  that  is  acccntablo  in  an 
emergency  descent  is  a  factor  that  must  be  further  evaluated  with  regard 
to  transport  airplanes.  The  disconcerting  effect  upon  the  passengers  of 
cxporioncing  a  force  tending  to  pitch  them  forvrard  m-'^y  be  a  major  factor 
in  limiting  the  rate  of  descent. 

With  tho  airplane  nosed  dovm  20°,  a  rate  of  descent  of  more  than 
10,000  foot  per  minute  is  attainable  at  all  altitudes  above  5»0'"'0  feet. 
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For  stoopor  angles,  the  vertical  speeds  increase  approximately  in  pro¬ 
portion  to  the  diving  attitude. 

The  attainment  of  the  rates  of  descent  shov/n  is  possible,  however, 
only  if  there  is  available  the  means  of  producing  a  considerable  drag 
force,  Without  such  a  drag,  the  speed  could  not  bo  restricted  to  the 
values  shovm^ 

Figure  3  shows  as  a  function  of  indicated  airspeed,  the  drag  coef¬ 
ficients  required  to  prevent  increases  in  the  speed  of  the  airplane  for 
the  same  throe  dive  angles*  The  drag  coefficient  ;i' lotted  here  is  the 
calculated  value  for  the  comolotr  airplane  with  braking  devices,  and, 
if  there  is  a  residual  thrust  from  the  engine,  the  drag  must  be  further 
increased  to  balance  such  thrust.  The  dotted  curve  in  this  figure  ib 
the  variation  of  the  drag  coefficient  with  indicated  airspeed  for  a 
tiipical  high-speed  transport,  A  con^arison  of  the  latter  curve  with 
the  curves  of  drag  coefficient  required  for  descent  indicates  that  if 
the  speed  is  low,  very  high  drag  increments  must  be  provided  by  the  aero¬ 
dynamic  brakes. 

Drag  requirements  are  relatively  moderate  if  the  descent  may  bo  made 
at  a  hi^  forward  speed.  In  figure  4,  vortical  speed  is  presented  as  a 
function  of  altitude  for  three  indicated  airspeeds,  35^1  400  nrph, 

and  two  Mach  numbers,  0,7  ond  0,8,  An  airplane  attit'odc  of  20°  and  a 
wing  loading  of  60  pounds  per  square  foot  have  b  on  assumed.  It  is  evident 
that  high  forv/ard  speed  permits  the  highest  rates  of  descent. 

Although  the  most  rapid  descent  results  from  high  speeds,  the  ability 
to  maintain  a  low  forward  speed  often  vrould  be  extremely  advantageous. 

For  oxanrolc,  the  ridc-roughnoss  level  might  then  bo  kept  v;ithin  satis¬ 
factory  limits  for  passenger  airplanes,  Those  limits  are  discussed  in 
reference  1,  If  an  emergency  descent  wore  made  during  excessive  atmos¬ 
pheric  turbulence,  high  forward  speeds  might  easily  result  in  dangerous 
gust  loadings. 

The  effect  of  airplane  wing  loading  on  the  drag  coefficient  re¬ 
quired  for  descent  v/ith  an  airplane  dive  attitude  of  20°  is  shown  in 
figure  5.  *he  curves,  which  compare  wing  loadings  of  40,  60,  and  80 
pounds  per  square  foot,  shov^  that  the  drag  coefficient  v-  led  practically 
in  proportion  to  the  wing  loading.  The  possibility  of  ir.  ecased  cruising 
speeds  of  transports  is  loading  to  substantially  higher  wing  loadings  and 
is  one  of  the  primary  reasons  that  the  braking  problem  is  now  gaining 
such  importance. 

Another  factor  indicating  the  increasing  importance  of  braking  is 
the  rapid  docroaso  in  indicated  speed,  or  dynfioic  pressure,  as  the  alti¬ 
tude  increases  for  any  given  Mach  number.  Present  designs  for  transports, 
particularly  those  with  turbojet  power,  arc  aimed  at  high  operating  alti¬ 
tudes  to  take  advantage  of  the  increased  fuel  economy.  With  the  lev;  dy¬ 
namic  pressure  corresponding  to  the  allov/ablo  Mach  number,  drag  coefficients 
must  be  increased  many  times  over  the  values  for  the  clean  airplane. 
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If  a  fascl' f^n-typo  acrodynomlc  bra]'c  ’•r,rn  c'jploycd  to  produce  an 
airplane  draf,  coefficient  of  0^1,  which  is  th  ’  v:',lu.o  s'lov/n  corroscondin." 
to  an  indicated  airs'iccd  of  2S0  .milos  per  hour  and  a  winp  lcaii:n'  of  GO 
poimds  per  soaarn  footj  the  brake  v;oald  hav  an  aro.'i  of  at  la-  ot  J  per¬ 
cent  of  the  vriny  arca^  This  would- moan  for  a  prooont -day  60- po.se enp  rr 
trciiisporl,  which  did  not  have  available  the  brakinj^  dun  to  its  propellers, 
the  total  area  of  the  bra-ko  would  bo  about  100  snuarc  feet,.  The  Inrac 
size  indicapod  hc-rc  is  a  result  of  the  c'-'trcn'c  doscont  performance  ro- 
Qpirc’acnts,  and  corresponds  to  a  vertical  speed  of  15)000  f-;-et  per  min¬ 
ute  at  an  altitude  of  3^o0C0  fGc:t,^  At  i0,0C0  feet  altitud-e  the  rate  of 
descent  would  be  10i60C  feet  per  minate.. 


The  preceding  discussion  of  air  brakes  has  b^'on  based  u-'on  a  si: 
fxcntion  of  the  braking  problem;  in  ord.cr  to  -establish  some  of  th-e  ma 
limits  of  brake  pcrlorm-ance,  assaaiing  that  the  attainment  of  very  hig 
■ve.rtical  spe.ods  is  the  principa.1  problem..  I'ho  extent  to  vfiich  these 
may  bo  possible,  hov;evor,  depends  upon  other  factors  besides  th-e  abii 
to  provide  sufficient  di’ag.. 


a  . 

e  j.  ’  — 

ximum 

h 
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In  an  emergency  rosaltin.<^  from  loss  of  cabin  prossuro  .at  high  alti¬ 
tude,  the  passengers  v;ould  be  at  the  outside  pressoro  altitude.  A  hig.h 
ratb  of  pressure  increase  resulting  from  high  v.ertical  voloc.itics  i-'. 
lenovm  to  be  objectionable.  Even,  when  cabin  decompression  has  not  occur-. ud. 
the  allovmblo  rate  of  pros  sore  change  v;ould  limit  <a  d.opcori.t  at  lov.r  alti¬ 
tudes  sinc-e,  below  8,000  or  foot-  the  cabin  prossuro  v/ould  <?gain 

be  about  equal  to  the  outside  pressure., 

The  value  of  aerodynamic  brakes  cf;.nnot  be  gauged  by  considers. t ion 
of  the  cmergcncy-d-Gcont  problem  alonoo  As  an  auxiliary  speed  control', 
brakes  have .  pi'oved  to  be  particularly  valuable  to  turbojet  aircraftr 
v/hich  lack  the  braking  effect  provided,  by  an  engino-proprllor  combinatlcn 
during  a  throttle-back  glide..  Daring  a  Landing  loidovc)  and.  approach, 
they  may  bo  used  to  quickly  rodueo  the  speed  so  th,at  tho  la:’d.i.'.g  gear 
and  flaps  ma.y  bo  opTabed,  or  that  the  airplane  may  bettor  conform  to 
traffic-control -zone  conditions, 

■  Bretkes  may  be  employed  so  as  to.  alleviate  some  phases  of  the  range 
problem  of  turbojet  aircraft.  In  order  to  arrive  at  the  destination 
with  the  required  reserve  fuel  and  ad-- ibional  range,  during  the  latter 
portion  of  tho  flight,  the  pilot  mi.aht  maintain  high  altitude  instead 
of  making  a  gradual  descent’  at  a  speed,  for  high  lif-t-drag  rrtlOo  The 
amount  of  reserve  fuel  required  to  roach  an  alternat.-i  airport  would 
then  bo  considerably  less  than  that  required  if  the  flig’it  to  the  al¬ 
ternate  airport  were  m'''do  at  low  altitudes,  or  if  such  a  flight  involved 
climbing  again  to  a  more  efficient.  alLitudc,  Under  such  conditions, 
when  tho  Ict-fown  ip  finally  made-,  it  probablj'^  v;ould  bv-r  .'^c comp  11  sued  as 
rapidly  as  practicable,  consistent  vfitli  pas  ongor -comfort  reqairenents. 

Although  values  might  be  chosen  to  represent  satisf -^ctory  speed 
control  and  glide-path  control,  ‘^■hc  significance  of  those  values  can 
bo  established  only  from  operational  exporiencOj  Obviously,  the  drag 


incrcmonts  roouirod  of'  tho  ‘brrkes  in  those  apolicetions  ar-j  considorahly 
loss  th.an  thoso  required  for  cnergoncy  doocoi.es. 

Aerodynamic  "brakes  have  hn:.n  5acccsofa''.ly  om-: loyod  or  many  t:n: os 
of  airplanes.,  '?hoir  use  v/ith  transports  is  relatively  recji.t,  b'lt  • 
pcricnco  vrith  other  tyoes  of  aii'planos  oiovidos  a  rooe  baoir  for  their 
evaluation. 

Since  aerodynamic  brakes  a.rc  primarily  onlj'  a  device  for  inorcasinc 
airnl.anc  dra^iis  and  are  not  otherv/iso  {::r::atly  restricted,  they  have  a 
wide  variety  of  geometric  charncteristicSr  lor  the  same  reason  they 
have  been'  located  on  airplanes  in  a.  variety  of  ylr.cos.  In  some  cases  tho 
landing  gear  has'  been  dnsinned  to  serve  as  an  air  brake,  when  extended-, 
lyre  commonly,  the  brakes  have  consiscod  of  hinged  v-latos  or  flaps 
( Bomotimos  perforated)  on  the  wing  or  largo  retractable  ^oancls  on  bho 
fuselage  side  or  belly.,  figure  6  chov;s  some  of  those  tyecs  of  air  b'ideuss 
(a)  a  perforated  brake  of  tho  spin  flap  typo  on  the  v;ing,  (b)  throe  plain 
panels  on  the  fus'^lage  aft  of  the  wing,  (c)  a  Icorge  folding  panel  on  each 
side  of  the  fuselage  and  (d)  spoilcr-tj^e  brakes  on  tho  ydng. 

Aerodynamic  brakes  as  shovm  on  th.';  upper  surface  of  the  wing  have 
boon  foLuid  to  cause  increases  in  tho  a.irplane  drag  amounting  to  more 
than  tv;icc  t.hc  drag  of  an  isolated  vlato  of  tho  same  size,  The  hi''h 
effectiveness  of  this  tj'po  of  brake  is  duo- to  its  spoiler  tTgo  of  action- 
causing  flow'  separation  over  the  wing.  This  typo  of  brake  has  the  ad¬ 
vantage  that '  the  airplane  angle  of  attack  maj*  be  increased,  reducing  tho 
diving  attitude  in  a  steep  descent,  A  spoiler  t;/po  of  brake  may  be  un- 
favorablj'-  caff'oetod  by  compressibility,  increasing  buffet  "ng  tondencics- 
or  stability,  changes  to  \diich  an  airplane  may  be  subject  cat  high  Mach 
numbers,.  Aerodynamic  characteristics  of  this  t^ODO  of  brake  are  presehtod 
in  roforencos  2  and  3« 

Tho  fuselage  typo  of  brake,  if  extended  to  f,  -posilion  approxim-r tely 
pcr-oondicular  to  the  air  stream,  has  boon  found  to  produce  a  dre.g  in¬ 
crease  about  equal  to  that  due  to  the  brake  ale.no  (soo  reference  3)o 
Ey  designing  this  t:?vpe  of  brake  installation  so  that  the  \;akG  is  a  3\a'- 
ficiont  distance  from  the  tail  surfac'S  of  tho  airelane,  it  is  oossiblc 
to  avoid  buffeting  duo  to  the  brakes,  and  prevent  aepreciable  changes 
of  stability  v.rhon  the  brakes  are  extended,  u'von  at  Kach  numeers  greatpr 
than  0,9, 

\  •  • 

Another  type  of  br'^.-lng  is  provided  by  reversing  propeller  pitch 
in  flighte  ,  In  reference  4  tests  care  reported  indicating  thait  the  ro  • 
versed  thrust  from  the  propeller  offers  a  very  powerful  means  of  brelclng 
propeller-driven  airplanes^  This  ^paper  describes  tests  of  a  multi -eng'ino 
transport  airplane  during  which  rates  of  descent  of  11,000  feet  per  m-in- 
uto  wore  obtained  at  an  indicated  airspcud  of  200  miles  per  hour,  v;ell 
below  the  meuximum  placard  speed.  The  remarkable  descent  performances 
that  were  obtained  indicate  that  this  tyr^o  of  braking  should  be  developed 
for  tho  general  use  of  airplanes  for  which  the  descant  problem  is  import¬ 
ant,  and  if  possible  adapted  to  turboprcpcller  in3ial;'’'tl''n.a. 
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rilchts  of  a  'sinftlri-onginc  tarbojot  r-irplrno  v/orc  mndo  at  tho 
NACA  Ams  Acronaatical  Laboratory  to  moacoro  tho  timn  roqairoc''  for 
do3cmt  from  foot  without  acrod./iiamic  bra’ccs  and  with  brakes 

of  tho  fusola  'o-3icIo  t^noOc  Tho  first  oi'art  li:  fiaaro  7  iE'^  cora- 
parisou  of  tho  drof-  oo  ffioiorila  joo.l  oj’t  ox  tho  start  of  tho  doccontSa 
A  hor^o  part  of  tho  total  dm  :  in  both  of  nos  wro  not  available  to  a-jsist 
In  th,  d^sc  nt,  bocaaso  it  vrao  cancollod  by  the  thrust  of  tho  enrinOj  as 
showii  bv  tho  cross-hatched  portion  of  this  f;raph,,  This  largo  thrust, 
which  remained  when  the  cn;,:ino  wa?  throttled  bach,  is  characteristic 
of  present  jet  on'’ims. 

The  second  chart  is  a  comparison  of  the  time  rcnuir’od  for  tho  two 
dorcontSj  Wit'eout  brak's,  tho  doscont  to  10,000  feet,  v/hlch  v/as  made 
at  an  in  ica.ted  S'^'oed  of  3^5  niilos  per  hour,  required  15.,- 7  minutes.. 

With  th"'  brah.s  oxtended,  tho  time  for  the  descent  at  tho  same  indicated 
speed  was  reduced  to  2,5  minutes, 

Tho  aorod^Tinmic  problem  of  'oroviding  a.i.''  brakes  for  a  particular 
airplane  centers  primarily  upon  tho  detarmixi-suion  of  the  rcauired 
braking  force,  Tliis  force  depends  upon  the  wing  loading  of  the  airplane, 
the  air  speed,  and  '‘Ititudo  at  vdiich  the  brakes  arc  needed,  as  well  as 
tho  docolcration  or  the  rn,gle  of  tho  flight  path  vrhich  results  from  tho 
uso  of  tho  brakes.  If  those  factors  can  ho  specified,  available  data 
from  wind-tunnel  and  flight  tosts  may  bo  used  to  dotermino  tho  biveko- 
sisc  roquiromonts.  The  tosts  of  the  specific  configuration  may  bo  needed 
to  see  that  the  brakes  do  not  introvluco  adverse  stability  or  trim  effects 
or  cause  buffeting, 

Bxporionce  in  the  operation  of  various  types  of  airplanes  has 
proTod  that  aerodynamic  brakes  are  a  vniuablo  addition  as  an  au::iliary 
control  of  flight  characteristics,  Ilcsearch  on  brake  off cctivonoss  has 
made  it  possible  to  select  brakes  that  are  acrodynaraically  suitable  to 
provide  the  control  important  to  tho  operation  of  transport-type  air¬ 
planes,  Although  there  remain  mechanical  and  structural  problems 
associated  v/ith  the  addition  of  brakes  to  any  ^'iven  transport,  benefits 
possible  through  tho  use  of  norodynamlc  brakes  can  be  realized  by  judi¬ 
cious  use  of  tho  available  results  of  tosts  and  cjqpcricnco. 
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Figure  3 


EFFECT  OF  AIRSPEED  ON  RATE  OF  DESCENT 
AIRPLANE  NOSE  DOWN  20* 

WING  LOADING,  60  LB /SO  FT 
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DRAG  REQUIRED  TO  LIMIT  SPEED 
FOR  VARIOUS  WING  LOADINGS 
AIRPLANE  NOSE  DOWN  20* 
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FLIGHT  MEASUREMENT  OF  EFFECTIVENESS 
OF  AERODYNAMIC  BRAKES 

DESCENT  FROM  33,000  FT  TO  10,000  FT 
INDICATED  airspeed,  36S  MPH 
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Figure  7 
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AERODYNAMIC  CONSIDERATIONS  Ef)R  HIGH-SPEED  TRANSPORT  AIRPLANES 

Ih .  IvETIEW  OF  HANDLING  QUALITIES  EEQ^IRE^/IENTS 
IN  RETATTON  TO  AIRPLANE  OPERATING  PROBLEMS 

By  Christopher  C.  Kraft,  Jr. 

Langley  Aoro nautical  Laboratory 


The  handling  qup.litioa  of  an  airplano  are  defined  aa  the  stability 
and  control  chare.cteriatica  that  have  an  important  bearing  on  the  safety 
of  flight  and  on  pilots ‘  Iraproasions  of  the  ease  of  flying  an  airplane. 
Some  time  ago  the  NACA  realized  the  need  for  establishing  some  quanti¬ 
tative  design  criteria,  for  describing  what  constitutes  satisfactory 
handling  qualities  of  can  airplane .  It  was  necessary  to  obtain  n  great 
deal  of  information  from  the  flight  testa  of  many  different  airplanes 
in  order  thcat  some  basis  could  bo  formulated  for  those  requirements . 
Through  the  cooperation  of  the  military  services  and  the  CAA,.  a  large 
number  ox  airplanes  were  iru;:de  available  to  tlie  NACA  for  this  work;  the 
airplanes  varied  in  size  from  the  light  airplano  class  to  the  medium 
and  heavy  bomber  type  aircraft.  Following  the  teats  of  quite  a  large 
group  of  these  airplanes,  a  report  entitled  "Requirements  for  Satisfac¬ 
tory  Plying  Qualities  of  Airplanes"  by  R.  R.  Gllruth  was  published  aa 
a  classified  roiport  in  19^1.  It  should  be  noted  that  this  publication 
is  an  evaluation  by  the  NACA  of  the  handling  qualities  desirable  of  a 
satisfactory  airplano  but  the  NACA  has  no  power  with  which  to  enforce 
these  requirements.  A  short  time  after  this  classified  publication 
both  of  the  military  services  n.doptod  a  similar  group  of  requirements 
based  on  the  NACA  work.  The  military  services  specifications  have 
since  been  used  as  a  basis  for  acceptance  of  newly  designed  airplanes 
for  both  the  Air  Force  and  Navy.  The  CAA  Airplane  Airworthiness  require¬ 
ments  also  contain  certain  standards  for  stability  and  control  charac¬ 
teristics,  but  those  are  leas  detailed  end  not  as  quantitative  as  the 
military  services  requirements .  Those  specifications  as  adopted  by 
the  military  services  are  also  used  as  a  standard  for  airplanes  in  the 
design  stage.  Preliminary  design  calculations,  wind  tunnel  tests  and 
finally  flight  tests  are  necessary  to  ensure  that  the  airplano  does 
moot  the  standards.  Early  in  19^7  the  original  NACA  publication  be¬ 
came  available  to  the  general  industry.  Since  the  original  NACA  pub¬ 
lication,  the  handling  qualities  of  a  groat  many  more  airplanes  have 
been  measured,  and  only  a  few  minor  additions  not  originally  included 
in  the  roquiremonts  have  been  necessary. 

A  workable  group  of  roquiremonts  necessarily  contains  a  descrip¬ 
tion  of  the  technique  necessary  to  measure  the  characteristics  of  the 
airplane  and  what  characteristics  are  reasonable  to  require  of  an  air¬ 
plane  without  Imposing  ponaltios  on  the  airplano  performance.  Pilot 
opinions  were  oapecially  important  in  determining  the  control  force 
character  la  tics  that  a  satisfactory  airplane  should  iiavo.  For  example, 
the  elevator  control  forces  experienced  by  the  pilot  in  performing  an 
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accelerated  maneuver  must  te  low  enough  to  allow  the  pilot  to  irrnoiivor 
quickly  and  officiontiy,  but  on  the  oidior  hand  must  bo  largo  enough  'X) 
allow  the  pilot  to  -nrecisely  regulate  the  load  on  the  nlrpl' ne .  ?';;riy 

other  important  concepts  contained  in  the  requiroments  were  ob oainod  by 
the  correlation  of  pilot  opinions  witlr  the  moasuremenos  niade  on  tlio  air- 
nlane .  It  should  also  be. noted  that  the  testing  techniques  that  hove 
boon  sot  forth  by  the  NACA  publication  were  so  arranged  as  to  allow  for 
data  that  could  be  repeated  aid  results  which  were  quantitative . 

,  The  handling  quail' los  s re cifl cations  are  subdivided  under  die  head¬ 
ings  of  lorigltudtnal  Etaj?.li‘.j  and  vontrolj  lateral  stability  ard  control, 
and  stalling  character 13 tics .  As  an  example  of  what  is  covered  under 
these  titles  the  subheadings  co/erod  under  longitudina.1  stability  rrd 
control  are  dynamic  stability,  static  stability,  elevator  control  in  ac¬ 
celerated  fl:’ght,  elevator  conorcl  in  landing  and  taka -off  ccndltion.a, 
limits  of  trim  change  due  to  power  and  flaps,  and  the  characteriatlcs 
of  the  trirmriing  devices.  The  handling  qualities  of  the  airplane  which 
come  under  the  other  headings  are  covered  in  a  similar*  manner,  but  the 
entire  handling  qualities  specifications  are  too  numerous  to  allow  dis¬ 
cussion  In  this  paper. 

In  order  to  lllusti-ate  the  application  of  the  hendllr.g  qucilitiea 
requirements,  a  brief  discussion  of  seise  of  ^iie  tests  made  on  typical 
large-scale  transport  airplanes  is  presented  herein.  Figure  1  shows 
the  chai'acteristics  of  a  test  airplane  in  accelerai.ed  flight  for  the 
power-on  clean  condition.  These  tests  were  made  In  steady  turns  at  a 
constant  speed  and  acceleration.  The  curves  show  the  elevator  angle 
and  elevator  force  as  a  function  of  normal  acceleration  for  three  dif¬ 
ferent  indicated  airepeeO.s,  200,  150,  and.  120  miles  per  hour  at  a  center - 
of -gravity  position  approximately  midway  between  the  specified  limits  of 
this  airplane.  The  requirements  for  tho  airplane  of  this  particular 
class  and  load  factor  states  tliat  the  forc,e  per  g  in  accelerated  mrneu- 
vera  shall  be  between  20  and  60  pounds  and  that  the  elevator  shall  be 
capable-  of  producing  either  maximum  lift  coefficient  or  maximum  load 
factor.  The  variation  of  elevator  angle  with  normal  acceleration  is’ 
also  required  to  have  a  stable  slope  and  in  maneuvering  flight  the  rear¬ 
ward  movement  of  the  stick  shall  not  be  less  than  U  inches  when  the  air¬ 
plane  lift  coefficient  is  changed  from  0.2  to  tho  maximum  lift  coeffi¬ 
cient  obtainable.  It  is  apparen'b  from  these  data  that  the  force  per  g 
of  this  airplane  at  ■'diis  con  ter -of -gravity  position  is  excessive  ac  all 
of  the  speeds  investig.aeed  since  the  ciarves  show  that  the  force  required 
to  reach  2  g  acceleration  is  i60  pounds  o.r  more.  The  curves  also  show 
that  the  valuation  of  oiovator  angle  with  normal  acceleration  is  in  the 
correct  direction,  that  is,  a  t  biopo,  and  that-  the  maximum  lltt 

coefficient  or. maximum  load  factor  could  have  been  reached  if  the  ele¬ 
vator  forces  had  not  been  excessive.  In  addition  tho  pilots  rep^oi ted 
that  in  all  cases  more  than  4  inches  of  stick  travel,  would  have  been 
required  to  reach  maximum  lift  coefficient.  From  those  data,  It  can  be 


seen  that  the  atlck  force  chare cteriatlca  of  thia  airplane  In  accelerated 

flight  were  helow  the  standards  set  forth  by  the  handling  qualities  speci¬ 
fications,  but  that  the  elevator  control  was  entirely  satisfactory. 

Figure  2  presents  the  aileron  control  characteristics  of  a  typical 
largo  airplane.  Shown  on  the  slide  are  the  aileron  force  and  aller'n 
effectiveness  parameter,  pb/2V,  as  a  function  of  total  aileron  angle. 

The  parameter  pb/2V  is  the  helix  angle  generated  by  the  wing  tip  as 
the  airplane  rolls.  The  data  shown  are  for  the  power-on  clean  condition 
at  150  miles  per  hoin*  and  the  flaps  and  gear  down  condition  at  120  miles 
por  hour  which  would  be  comparable  to  a  landing  approach  configuration. 
These  data  were  obtained  by  making  rolls  out  of  turns  with  various  amounts 
of  aileron  deflection  and  with  the  rudder  held  fixed.  The  handling  quali¬ 
ties  specify  that  the  aileron  effectiveness  parameter,  pb/2V,  shall  bo 
at  least  O.O7  with  a  maximum  wheel  force  of  80  pounds.  The  testa  show 
that  the  maximum  pb/2Y  that  could  be  reached  at  I50  miles  per  how 
without  exceeding  80  pounds  wheel  force  was  approximately  O.07,  but  in 
the  flaps  and  gear  down  condition  at  120  miles  per  hour  the  maximum 
pb/2V  that  could  bo  obtained  with  this  wheel  force  was  O.O6.  Therefore, 
the  airplane  met  the  requirements  in  the  power-on  clean  condition,  but 
was  slightly  below  the  standards  in  the  flaps  and  gear  down  condition. 

It  is  interesting  to  note  the  pilot's  opinion  of  the  aileron  offoc- 
tlveneaa  in  the  flaps  and  gear  down  cor^ltion.  Thia  configuration  cor¬ 
responds  to  a  lemding  approach  and  the  pilot  was  dissatisfied  with  the 
high  aileron  control  forces  necessary  to  roll  the  airplane  because  both 
hands  would  bo  required  to  exert  this  amount  of  force .  During  a  landing 
approach,  the  pilot  is  inclined  to  hold  only  one  hand  on  the  wheel  while 
the  other  is  used  to  adjust  the  throttles  and  other  necessary  controls, 
and  for  this  reason  the  pilot  woxild  desire  lower  aileron  force  to  obtain 
an  equivalent  amount  of  lateral  control. 

An  important  and  very  often  overlooked  characteristic  of  an  airplane 
is  the  amount  of  friction  in  the  controls.  The  Air  Force  and  Navy  hand¬ 
ling  qualities  requirements  specify  that  the  maximum  allowable  friction 
force  in  a  transport  type  aircraft  should  be  15  pounds  in  tho  rudder  con¬ 
trol,  8  pounds  in  the  elevator  control,  and  6  pounds  in  the  aileron  con¬ 
trol.  It  was  possible  for  the  airplane  from  which  these  data  were  ob¬ 
tained  to  change  the  friction  from  twice  these  limits  to  about  l/2  of 

these  allowable  values .  Tliis  afforded  a  good  measure  of  the  effects  of 

friction  in  handling  the  .airplane  during  flight  involving  small  control 
displacements . 

Figure  3  presents  a  time  history  of  the  rudder  angle  and  rudder  force 
during  two  different  landings,  one  with  high  friction  forces  in  the  con¬ 
trols,  and  the  ether  with  low  friction.  The  vertical  linos  indicate  the 

time  at  which  the  airplane  made  groxmd  contact.  In  both  case?,  the  pilot 
was  able  to  safely  land  the  airplane,  but  tho  pilot  disliked  the  landing 


with  high  friction.  It  la  ohvloua  from  the  time  hiatcry  of  the-  landing 
with  high  friction  in  the  conxrola  that  there  waa  little  roaponje  of  the 
rudder  to  tho  pilot' e  application.  The  i.i.iding  with  lew  friction 

In  tho  controla  still  required  the  aaine  aniount  of  foi'ce  application  l.y 
tho  pilot  hut  the  rudder  responded  and  allowed  the  pilot  to  make  a  nuch 
more  satisfactory  landing. 

Hie  magnitude  of  friction  force  hecomea  exceedingly  Important  dur¬ 
ing  precision  flying  such  aa  in  an  inatrument  approach  since  the  aero¬ 
dynamic  forces  are  low  and  small  cennrei  movements  are  desired.  If  nho 
friction  forces  are  too  large,  the  following  uiidlserahJe  characteristlca 
are  created:  (l)  the  aerodynamic  forces  cannot  be  accurately  trl-oimed 
to  zero,  thus  a.llowing  tiie  oontrols  to  "creep"  and  necessitating  con¬ 
stant  retrlmmlng  of  the  a.irp]ane,  (2)  tho  controls  when  displaced  from 
trim  will  not  return  when  the  control  forces  are  relopscd,  (3)  the  pilot 
no  longer  has  control  feel  for  small  control  displacement  because  tho 
deflection  is  not  proportional  to  the  applied  force,  and  (4)  it  is  ex¬ 
tremely  difficult  to  make  scail  control  adjustments  without  uiidershoot- 
ing  or  overshooting  the  desired  position. 

Curing  the  past  several  years  there  has  been  some  question  ns  to 
tho  need  for  revision  or  amendment  to  tho  handling  qualities  require¬ 
ments.  The  NACA  has  made  several  handling  qualities  investigations 
dirrlng  the  past  few  years  with  the  special  intent  of  seeking  items  not 
covered  by  the  present  requirements.  The  results  of  these  tests  have 
indicated  that  had  the  airplanes  tested  met  the  requirements  as  they 
now  stand,  the  airplanes  would  have  been  considered  acceptable. 

As  en  example  or  the  tests  made  by  the  NAG.-  to  seek  items  not 
covered-  by  the  present  requireraenxs  the  specifications  foi*  assyminetric 
power  conditions  require  the  rudder  to  be  powerful  enough  to  limit  the 
angle  of  bank  to  a  maximum  of  5  degrees  and  the  yawing  velocity  to 
zero.  This  particular  airplane  met  this  requirement,  but  the  question 
was  raised  as  to  whether  the  pilot  would  have  sufficient  time  to  take 
corrective  action  followlrig  engine  failure. 

Figure  h  shows  a  time  history  of  the  angle  of  tank  and  angle  of 
sideslip  following  failure  of  the  number  one  engine  of  a  four-engined 
transport  airplane.  Two  flight  tests  are  shown,  one  where  the  con-teols 
were  held  fixed  and  the  airplane  was  allowed  to  roll  off,  and  the  other 
where  corrective  action  was  taken  by  the  pilot.  .These  .particular  testa 
were  made  in  the  take-off  configuration.  Th-.  curves  for  the  case  where- 
the  controls  were  held  fixed  indicate  -that  the  angle  of  bank  increased 
at  a  alow  rate  and  that  six  seconds  was  required  for  the  airplane,  to 
reach  4o  degrees  bank.  This  was  considered  ample  time  for  the  pilot  to 
take  corrective  action.  The  dotted  lines  bn  this  figure  are  the  results 
obtained  when  the  pilot  applied  the  controls  following. -the  engine  fail¬ 
ure.  It  la  apparent  xhat  "the  pilot  had  litxle.  trouble  in  controlling 
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tho  alrplono.  Theae  testa  proved  thot  the  airplane  characteristics  were 
satisfactory  following  an  engine  failure.  Another  oxanplo  of  the  recent 
handling  qualities  testa  ore  the  probleiaa  involved  during  n  landing  ap¬ 
proach.  During  a  landing  approach,  especially  an  iDstrument  landing, 
there  has  been  some  doubt  as  to  the  moat  efficient  technique  that  could 
be  used  to  correct  for  lateral  displacement  from  the  runway.  From  a  dis¬ 
cussion  wltli  quite  a  number  of  pilots,  two  maneuvers  were  suggested,  one 
was  coordinated  tiirns,  and  the  other  level  sldoslipa.  Some  of  the  pilots 
felt  that  they  would  not  bank  a  large  airplane  during  the  final  approach 
and  would  only  use  the  wings  level  maneuver;  however,  a  large  number  of 
flight  records  of  simulated  Instrument  approaches  Indicated  "chat  coordi¬ 
nated  tiurns  with  limited  angles  of  bank  are  more  frequently  used. 

Figure  5  presents  some  of  the  results  that  were  calculated  for  a 
large  four -engine  transport  to  determine  which  tochnique  would  be  the 
moat  effective.  The  abscissa  of  this  plot  Is  the  distance  in  feet  from 
the  end  of  the  runway,  and  tho  ordinate  is  the  lateral  distance  in  feet 
from  the  centerline  of  the  r’.mway.  The  two  solid  curves  presented  here 
are  not  flight  paths  bun  a  aeries  of  starting  points  of  a  flight  palii 
such  as  that  shown,  where  the  airplane  was  originally  flying  parallel 
to  the  runway  end  this  given  amount  of  lateral  displacement  was  required 
to  bring  the  airplane  to  the  center  line  of  the  runway.  In  other  words. 
If  tho  airplane  wore  2000  feet  from  the  end  of  the  runway  and  performed 
a  coordinated  t\arn  mnouver,  the  pilot  would  be  able  to  laterally  dis¬ 
place  the  airplane  about  200  feet  following  this  type  of  fli^t  path. 
Similarly,  if  the  level  sideslip  maneuver  were  used,  the  pilot  would  be 
able  to  displace  the  airplane  about  100  feet,  again  following  a  flight 
path  such  as  that  shown.  In  making  tho  calculations  for  tho  level  side¬ 
slips  maneuver,  the  pilot  was  assumed  to  use  first  full  left  rudder  and 
then  full  right  rudder  followed  by  enough  left  rudder  to  retiarn  the  air¬ 
plane  to  Its  original  heading.  The  coordlirted  turns  were  aasumsd  to  be 
performed  in  a  similar  manner,  that  is,  using  first  left  and  then  right 
rolls  to  laterally  displace  the  airplane.  Also,  in  making  the  calcula¬ 
tions  of  the  coordina.tod  turn  method,  the  maximum  amount  of  aileron 
effectiveness  was  assumed,  and  the  angle  of  bank  was  limited  to  a  maxi¬ 
mum  of  17  degrees,  which  would  bo  tho  angle  at  which  the  wing  tip  and 
ttie  landing  gear  of  this  particular  airplane  would  touch  the  ground  at 
the  sarao  time.  It  can  be  seen  from  these  data  that  the  coordinated 
turns  maneuver  will  correct  for  greater  displacement  than  will  level 
sideslips  for  all  distances  from  the  end  of  the  runway.  In  fact,  from 
2000  feet  on  out,  the  coordinated  turns  maneuver  is  two  or  more  times 
as  effective  as  the  level  sldoslipa  maneuver.  Similar  calculations  wore 
made  limiting  the  aileron  effectiveness  parameter  to  about  one-half,  and 
the  rudder  deflection  to  one -half  full  rudder.  Theae  values  would  be 
more  closely  related  to  the  amount  of  control  normally  applied  by  the 
pilot.  Bie  results  showed  a  similar  comparison  between  the  two  tech¬ 
niques,  the  amount  of  displacement  obtainable  being  about  one -half  those 
shown  on  the  figure. 
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It  pppeara  then  that  a  good  haaia  for  antlafactory  handling  qi-rlitlea 
haa  been  oatabllahed  for  the  preaent  conventional  transport  airplairo,  but 
with  the  cociing  of  transonic  and  supersonic  speeds,  the  pioblem  of  produc- 
Ing  alrplanoa  with  satisfactory  handling  qualities  ia  a  serious  one.  Ac 
the  conventional' airplane  of  today  appi'oachea  transonic  speeds  many  now 
problems  are  introduced  which  ore  compD.ebely  divorced  from  tiioao  at  sub¬ 
sonic  aneeda .  Large  changes  occur  in  trim,  stability  and  hinge  moir.ont 
characteristics  due  to  compressibility  effects.  If  the  airplane  cor.fig- 
uration  ia  selected  to  minimise  these  adverse  effects,  undesirable  low- 
speed  handling  qualities  may  bo  introduced.  In  order  to  provide  satis¬ 
factory  control  forces  on  trariSonic  airplanes,  the  use  of  conurol  boosters 
with  mechanical  devices  to  provide  control  feel  may  offer  a  sclution. 
Complicated  stall-control  devices  may  be  required  to  obtain  satisfactory 
low-speed  handling  qualities.  The  present  handling  qualities  require¬ 
ments  provide  the  designer  with  the  requirements  for  pcrfoim/ince  of  chose 
mechanisms  that  will  result  in  satisfactory  handling  qualities  of  the 
airplane.  However,  as  higher  speeds  are  reached  and  airplane  designs 
depart  further  from  the  conventional  design  of  today,  a  great  deal  more 
research  will  be  required  to  establish  what  the  aerodynamic  character - 
latlcs  of  an  airplane  must  be  to  meet  the  handllrig  qualities  specifica¬ 
tions  . 
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Figure  1.  >  Maneuvering  stability  characteristics  in  accelerated  flight 
for  a  typical  large  scale  airplane  in  the  power-on  clean  condition. 
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Figure  2.  -  Aileron  control  characteristics  of  a  large  transport  airplane 

as  measured  in  rolls  out  of  turns. 
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Figure  3.  -  Time  history  of  two  landings  of  a  transport  airplane  •  one 
with  high  friction  in  the  controls  and  thc)  other  with  low  friction. 


Figure  4.  -  Time  history  of  the  angle  of  bank  and  sideslip  following 
failure  of  the  number  one  engine  of  a  4-engine  transport 
airplane. 
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AERODYNAMIC  CONSIDERATIONS  FOR  HIGH-SPEED  TRANSPORT  AIRPLANES 
15.  A  STUDY  OF  REQUIREMENTS  FOR  POWEi»-OPERATED  COIfTROLS 
AND  MECHANICAL  FEEL  DEVICES 
By  B.  Porter  Brown 
Lnngley  Aeronautical  Laboratory 


Large  control  forces  are  necessary  in  operating  many  current 
airplanes  because  of  recent  increases  in  size,  maneuverability,  and 
speed.  Some  designers  have  already  incorporated  power -operated  con¬ 
trol  systems  as  a  means  of  reducing  pilot  exertion.  The  basic  pur¬ 
pose  of  any  power -operated  control  system  is  to  supply  a  large  force 
to  the  control  siirface  when  a  relatively  small  force  is  applied  by 
the  pilot  to  the  booster.  Variotis  types  of  boosters  such  as  elec¬ 
trical,  hydraulic,  and  pneumatic  have  been  designed,  with  hydraulic 
systems  being  the  most  commonly  used. 

A  test  booster  of  the  hydraulic  type  has  been  investigated  by 
the  NACA.  It  was  installed  in  the  elevator  control  system  of  a  large 
fovir-engined  airplane  weighing  about  110,000  pounds.  This  booster 
was  adjustable  in  flight  so  that  the  total  control  effort  could  be 
distributed  in  any  proportion  between  the  pilot  and  the  booster.  The 
tests  were  organized  to  investigate  three  major  problems  connected 
with  boosters:  (1)  the  amount  of  control  effort  that  should  be  left 
to  the  pilot  to  obtain  best  airplane  handling  qualities,  (2)  the 
speed  with  which  a  booster  should  control  a  surface  in  order  to  avoid 
objectionable  lag  in  airplane  response,  and  (3)  the  allowable  limit 
of  friction  in  the  booster  valve. 

The  first  problem  is  illustrated  in  figure  1,  in  which  the 
maneuvering- stability  parameter,  stick  force  per  g,  is  plotted  against 
indicated  airspeed.  The  area  between  the  two  dashed  horizontal  lines 
represents  the  range  of  stick  force  per  g  for  large  airplanes  con¬ 
sidered  satisfactory  by  the  military  services.  Curve  A,  obtained  for 
the  test  airplane  without  boost,  shows  the  stick  forces  were  much 
larger  than  those  considered  satisfactory.  These  heavy  stick  forces 
are  typical  Of  nearly  all  large  airplanes  without  boosters.  Actually 
there  has  been  very  little  flight  ej^rience  in  the  satisfactory 
range.  When  the  booster  in  the  test  airplane  was  adjusted  to  give 
values  shown  by  curve  B,  all  of  the  pilots  noted  a  marked  improvement 
in  their  ability  to  handle  the  airplane.  Adjustment  of  the  booster 
to  give  a  variation  as  shown  by  curve  C  gave  no  objectionable  charac¬ 
teristics  but  the  pilots  felt  that  this  was  not  as  desirable  as  the 
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B  settintj.  When  the  stick  force  per  g  was  ad^Justed  to  vary  us 
curve  D,  t]ie  pilots  felt  that  the  forces  were  too  light  and  this 
lightness  rasuli.ted  in  over-controlling  of  the  airplane.  Of  the 
three  gradients  rested,  the  pilots  preferred  the  B  setting,  felt 
that  the  C  setting  was  acceptable,  and  considered  setting  D  unsatis¬ 
factory.  These  results  indtcF4te  that  the  lower  limit  of  the  speci¬ 
fied  range  could  be  lowered  slightly.  It  should  be  noted  that  the 
foregoing  observations  are  based  only  on  flying  qualities  with  no 
consideration  being  given  to  the  possibility  that  light  forces 
might  lead  to  inadvertent  excessive  accelerations  being  occasional.'y 
applied  to  the  airplane. 

Appreciation  of  what  correct  control  forces  mean  to  the  pilot 
is  readily  obtained  by  comparing  the  control  forces  experienced  in 
a  landing  without  boost  and  a  landing  in  which  the  pilot's  force 
was  adjusted  to  fall  along  curve  C.  In  the  landing  without  boost, 
the  pilot  exerted  about  80  pounds  force  just  before  ground  contact. 
This  force  is  large  enough  to  be  annoying  to  the  pilot  especial'y 
if  one  hand  is  adjusting  throttles  or  trim  tabs.  Kith  boost,  how¬ 
ever,  this  force  was  reduced  to  about  15  pounds. 

The  second  problem,  proper  rate  of  control  motion,  will  now  be 
discussed.  The  rate  of  motion  required  is  of  major  concern  to  the 
designer  because  low  rates  mean  less  powerful  and  therefore  lighter 
boosters.  The  booster  tested  was  capable  of  producing  a  very  high 
maximum  rate  of  elevator  motion,  about  100  degrees  per  second,  but 
could  also  be  adjusted  for  any  lower  rate.  For  this  investigation, 
the  data  were  obtained  In  landings  because  the  rate  of  elevanor 
motion  is  critical  in  this  msneuver. 

The  history  of  a  landing  made  with  unrestricted  maximum  rate  of 
control  motion  is  shown  in  figure  2,  in  which  control  position  and 
elevator  rate  are  plotted  against  time.  There  are  two  curves  shown, 
a  dashed  one  representing  the  control  position  called  for  by  pilot 
action  and  a  solid  one  representing  actual  control  position.  These 
curves  nearly  coincide  which  means  the  control  was  positioned  very 
accurately  with  no  perceptible  lag.  The  curve  shows  that  the  highest 
rate  used  by  the  pilot  was  about  30  degrees  pet*  second,  a  tj'plcal 
value  for  this  airplane.  Demands  for  such  high  rates,  arc,  h  vr^'ror, 
of  extremely  short  duration.  Since  the  airplane  cannot  respond  in 
attitude  appreciably  in  these  short  times,  good  Ivindings  may  be 
possible  with  a  much  lower  maximum  rate  of  control  motion.  Such  a 
case  is  Indicated  in  f igure  which  the  maximum  available  control 

rate  was  restricted  to  slighriy  less  than  10  degrees  per  second.  In 
spite  of  the  restricted  control  rate,  the  pilot  could  still  move  the 
stick  as  fast  as  he  wished  up  to  a  limit  where  the  error  between  the 


stick  position  and  control  surface  position  was  a  certain  value. 
Occasionally  the  pilot  called  for  rates  higher  than  that  available 
as  shown  by  the  flat  spots,  and  this  excessive  demand  caused  some 
lag  in  positioning  of  the  control.  Because  the  demands  for  the 
higher  rates  were  very  brief,  however,  this  lag  never  got  large 
enough  to  be  objectionable  to  the  pilot.  Consequently,  the  pilots 
thought  the  airplane  handled  Just  as  well  with  the  restricted  rate 
as  with  the  unrestricted  rate. 

This  result  indicates  that  for  large  airplanes,  satisfactory 
handling  qualities  can  be  obtained  with  boosters  having  maximum  avail¬ 
able  elevator- control  rates  less  than  that  used  in  the  unrestricted 
case.  Of  course,  the  conclusion  that  a  rate  of  about  10  degrees  per 
second  is  satisfactory  applies  only  to  the  elevators  on  large  air¬ 
planes.  Higher  rates  may  be  iequired  on  other  controls  or  on  smaller 
airplanes . 

The  third  problem,  allowable  limit  of  friction  in  the  booster 
valve,  will  be  discussed  next.  It  should  be  pointed  out  that  the 
friction  considered  in  these  tests  was  the  friction  in  the  booster 
control  valve  and  not  the  friction  in  the  normal  control  system. 

A  schematic  drawing  of  a  boost  system  (fig.  4)  indicates  the  normal 
operation  of  the  system  and  the  effect  of  friction  in  the  control 
valve.  The  arrows  show  the  direction  of  fluid  flow  to  and  from  the 
booster  valve.  During  steady  flight  of  the  airplane  the  control  stir- 
face  is  held  fixed  by  the  piston,  which  has  fluid  on  each  side  and 
is  in  equilibrium.  If  the  pilot  pulls  back  on  the  stick,  the  vertical 
link  attached  to  the  stick  rotates  to  a  new  position  because  its  lower 
end  is  restrained  by  the  link  connected  to  the  control  surface.  Motion 
of  the  upper  horizontal  link  to  its  new  position  opens  the  booster 
control  valve,  allowing  fluid  to  go  into  the  Jack.  This  induction  of 
fluid  moves  the  piston  in  such  a  direction  as  to  pull  the  elevator  up. 
The  upward  motion  of  the  elevator  actuates  the  lower  horizontal  link 
which  then  rotates  the  first  link  about  the  pivot  point  in  its  center 
because  the  pilot  is  holding  the  stick  fixed.  This  rotation  moves  the 
link  back  to  vertical  again,  closing  the  valve  and  stopping  the  flow 
of  fluid  and  thereby  establishing  a  new  equilibrimn  position  of  the 
hydraulio  Jack.  If  friction  were  present  in  the  valve,  it  would  tend 
to  hold  the  valve  open  at  the  end  of  the  operation  thereby  allowing 
fluid  to  continue  to  flow  into  the  Jack  and  move  the  elevator  until 
the  pilot  applied  corrective  action  by  moving  the  stick  in  the 
opposite  direction.  This  friction  effect  differs  from  the  effect  of 
conventional  control  friction  in  that  the  valve  friction  tends  to  keep 
the  elevator  in  motion  while  ordinary  static  friction  tends  to  prevent 
the  elevator  from  moving.  It  had  been  suspected  that  friction  of  this 
type,  even  in  small  amounts,  woxild  be  highly  objectionable  to  pilots. 
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Tests  were  therefore  made  with  several  known  values  of  tooster-volv? 
friction  that  were  intentionally  introduced  into  the  system.  One 
part  of  the  tests  consisted  of  steady’’  rims  in  which  the  pilot 
attempted  xo  maintain  a  given  speed.  Data  from  two  of  these  steady 
runsai'e  presented  in  figure  Each  curve  shows  normal  acceleration 
plotted-  against  time.  The  upper  curve  is  for  negligible  valve 
friction  hnd  the  lower  one  is  for  a  valve  friction  value  of  1-1/0  pounds 
of  pilot's  stick  force.  Comparison  of  the  peaks  of  acceleration 
experienced  makes  the  flying  difficulxy  caused  by  valve  friction  quite 
obvioUs.  Some  landings  were  also  mnda  with  different  amounts  of  fric¬ 
tion  and  it  was  noted  that  here  also  corrective  control  was  applied 
more  frequently  as  a  result  of  this  friction.  In  all  of  the  test 
maneuvers  the  pilots  felt  that  any  amount  of  friction  v;as  annoying 
because  it  resulted  in  continual  overcontrolling.  The  results  of 
these  teats  indicate  that  the  allowable  limit  of  this  type  of  friction 
is  much  lower  than  the  8-pound  limit  of  normal  elevator  conircT  fric¬ 
tion  of  the  type  which  tends  to  hold  the  control  fixed  and  extrema 
care  should  he  taken  in' the  design  of  any  powered  control  system  of 
-this  type  in  order  to  eliminate  as  much  friction  as  possible  in  the 
booster  control  valve. 

All  of  the'  tests  discussed  thus  far  were  made  with  the  booster 
allowing  a  portion  of  the  elevator -hinge  moments  to  be  fed  back  to  the 
pilot's  stick  to  provide  the  necessa/y  control  feel  forces.  Kigh- 
Mach-number  effects  cause  undesirsbie  hinge-moment  variations ,  how¬ 
ever,  making  it  very  difficult  if  not  impossible  to. balance  the  con¬ 
trol  siirface  aerodyriamically.  Boosters  alone  in  this  case  can  not 
alleviate -the  problem.  A  much  simpler  iap-pro'ach  to  the  problem  is, 
however,  quite  apparent..  If  xhe  booster  were  designed  xo  al.Low  no 
force  feed  back  from  the  elevators  and  anoxher  device  wore  included 
to  Create  the  feel  forces  mechanically, .then  the  problem  of  undesirable 
hinge-moment  characteristics  would  be  eliminated. 

Some  present-day  high-speed  airplanes  are  equipped  with  feel 
devices  but  as  yet  transport  airplanes  do  not  need  them  because  they 
are  operated  at  relatively  low  Mach  numbers.  In  jet-transport  design, 
however,  feel  devices  will  probably  be  employed. 

The  NACA  has  made  tests  on  a  feel  device'  to  gain  experience  with 
this  type  of  control  system  and  to  investigate  the  design  features 
that  should  be  incorporated  in  such  devices. 

With  the  aid  of  figure  6,  the  component  parts  of  the  test  feel 
device  and  their  functions  will  be  explained  and  compared  to  the 
similar  parts  and  functions  in  a  conventional  control  system. 
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In  the  actual  test  installation  there  was  a  link  not  shown  in 
figxure  6  that  connected  the  pilot's  stick  to  the  booster  and  of  course 
the  booster  was  connected  to  the  control  surface.  These  linkages  were 
omitted  from  the  figure  because  the  tests  were  concerned  only  with 
stick  forces  and  the  booster  purposely  eliminated  all  aerodynamic  stick 
forces;  therefore  the  drawing  represents  the  complete  unit  as  far  as 
pilot's  force  is  concerned. 

In  a  conventional  control  system,  when  the  surface  is  deflected, 
hinge  moments  are  created  that  tend  to  restore  the  s\irface  back  to 
neutral  and  hence  supply  the  pilot  with  a  control  force.  This  restor¬ 
ing  tendency  increases  as  the  square  of  the  speed.  In  the  feel  device 
system,  the  restoring  tendency  is  supplied  by  the  spring  connected  to 
the  trimmer  and  to  a  variable  lever  arm,  which  is  so  adjusted  by  dynamic 
pressure,  as  to  make  the  restoring  tendency  in  the  system  increase  as 
the  square  of  the  speed.  In  the  conventional  system,  if  the  pilot  wishes 
to  change  airplane  attitude  by  use  of  elevator  deflection,  the  new  atti¬ 
tude  is  maintained  with  zero  pilot's  force  by  use  of  a  trim  tab.  In  the 
feel  device,  this  is  accomplished  by  means  of  the  trimming  device  shown. 
The  part  to  which  the  spring  is  secured  is  really  a  movable  base  that 
the  pilot  can  move  in  either  direction  to  relieve  the  tension  or  com¬ 
pression  in  the  spring  and  thereby  establish  a  new  zero-force  stick  posi¬ 
tion,  The  variable  lever  arm  controlled  by  the  mantial  force  gradient 
adjuster  has  no  comparable  part  in  the  conventional  control  system.  The 
only  reason  it  was  included  in  this  design  was  to  provide  a  convenient 
way  by  which  the  control  force  gradient  could  be  varied.  In  the  con¬ 
ventional  system,  damping  is  supplied  aerodynamically  while  in  this 
system,  it  is  supplied  by  the  viscous  damper  attached  to  the  pilot's 
stick. 

This  feel  device  was  installed  in  an  airplane  in  conjunction  with 
the  previously  mentioned  booster  in  the  elevator -control  system.  As 
previously  mentioned,  the  booster  could  be  adjusted  to  allow  any  por¬ 
tion  of  the  elevator  hinge  moments  to  be  fed  back  to  the  pilot  and  for 
these  tests  the  booster  was  adjxisted  to  allow  no  force  feed  back  from 
the  elevators. 

Static  and  maneuvering  longitudinal  stability  tests  on  the  air¬ 
plane  were  made  with  the  feel  device  and  without  the  feel  device  for 
comparison  pxirposes.  Figure  7  shows  two  flight  records  of  normal 
acceleration  that  were  obtained  in  pull-ups  and  releases  to  determine 
if  the  device  introduced  any  oscillating  tendencies  into  the  system. 

The  upper  cxirve  is  for  the  case  without  the  feel  device  while  the 
lower  one  is  with  the  feel  device.  The  only  portion  of  these  curves 
of  interest  to  this  analysis  is  the  part  following  the  time  at  which 
the  pilot  released  the  stick,  shown  by  the  vertical  lines,  which 
occxirred  in  these  two  cases  at  approximately  2  seconds.  Comparison 
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of  the  two  curves  "beyond  this  ..point  .iln  the  two  records  indicax>es  that 
the  device  did  not  introduce  any  undesirable  oscil.lating  tendencies. 
Data  obtained  in  static  longitudinal  stability  runs  are  presented  in 
figure  8.  Pilot's  force  is  plotted  against  indicated  airspeed  for  the 
.  two  cases  with  and  without  the  feel  device.  In  this  type  of  pint  a 
pull  force  should  be  required  to. decrease  airspeed  in  order  for  the 
airplane  to  be  stable.  The  point  emphasised  In  inis  figure-  is  that 
the  feel  device  did  not  alter  any  of  the  characteristics  of  the  air¬ 
plane  except  the  magn: tades  of  the  control  forces.  This  con  be  pointed 
out  by  the  fact  that  at  the  higher  speeds  be th  curves  indicate  that  the 
airplane  was  stable  down  to  a  speed  of  a.bout  l60  miles  per  hour  .  At 
this  speed,  however,  the  slopes  of  -both  curves  reverse,  indicating 
instability.  This  instability  in -the  stick  forces  occurred -in  bot'n 
cases  because  the  elevator  angle  variation  was  unstable.  This  charac¬ 
teristic  demonstrates  that  if  the  variation,  of  elevator  angle  with 
speed  is  unsatisfactory,  the  feel  device . cannot  provide  completely  ■ 
satisfactory  stick  forces.  Xn  the  case  in  which  elevator  deflection 
does  vary  satisfactorily,  however,  either  withlspeed  or  acCelerauion, 
even,  though  the  -aerodynamic  hinge-moment  .variation  may  be  xaidesirabie, 
the  feel  deyice  will  provide  satisfactory  control  forces .  This  point 
is  iliustratecl.  in  figure  9. 

Maneuvering  stability  data  .are  presented  In  figxire  - 9  to  compare 
case^.  with  and  without  the.  feel,  device  for  a  condition  at  which  the 
elevator  angle  variation  with  acceleration  was  satisfactory  but  the 
aerodynamic  hinge-mpments  were  unsatisfactory I  -Pilot's  stick  force 
is  plotted  against  normal  acceleration.  In  a  plot  of  this  type, 
satisfactory  characteristics  are:  recognized  by  t'ne  fact  that -pull 
forces  should  be  required  to  produce  positive  accelerations  and -push 
forces  are  required  to  produce  negative  accelerations.  In  the  case 
, without  the  feel  device,  ahown  by-  the  solid  line,  the  force  charac¬ 
teristics  were  satisfactory  at  ' hi'gh  nbrmal  accelerations,  but  at  low 
normal  accelerations- eio-.'u.tor  over'balance  was  encountered,  whict 
■  indicates  unsatisfactory  forces,  because-  eventually,  p^l  forced  were 
require^  to  produce  negative' accelerations .  The  dotted  line  shows  the 
performance  of  the  feel  device  under  similar  conditions  and  it  is 
obvious  that  the  overbalance  is  completely  eliminated  because,  the 
forces  are  alwaj^'s  in  tfae^  right  directioh.  The' fprea^  ' furnished  by 
the  feel,  device  •  in-  -tdiis '  cdse  ■  were  satisf abtory,  because  the  variation 
of  elevator  angle  with  acceleration  was  satisfactory. 

.  In  summary;  it  ehoxOA  be  remembered  that  both  the  booste.f  system, 
and  the  mechfuiical  feel ’device  have'^'been  evaluated  .with  no  consider,^- - 
tions  being  given  to  such  things  as  reliability,  mechanical  failure, 
or  weight;.  The  booster  tests,  ho'wever,,  provide  design  information  o.h  . 
the  control  effort  that  should  be  left  to  the  pilot,  The  res'ul'ts' also 
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show  that  the  rate  of  elevator  motion  to  be  supplied  by  the  booster 
can  be  limited  to  values  lower  than  those  normally  used  by  pilots. 

In  addition,  friction  in  the  booster  control  valve  deserves  .-:rul 
design  attention.  The  feel  device  investigation  indicated  the  device 
to  be  sati sfactrtry  and,  in  addition  to  providing  valuable  experience 
with  this  type  of  con‘‘rol  syscem,  the  tesis  showed  several  features 
that  wouj.d  be  desiraole  in  these  systems. 


?00  fio  140  iso  ISO  200  220  MO  260 

INDICATED  AIRSPEED,  MPH 

Figure  1,  -  Stick  force  per  g  versus  indicated  airspeed  for  test  airplane 
without  boost  and  for  three  gradients  supplied  by  booster.  Shows 
satisfactory  range  specified  by  military  services. 
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Figure  2.  -  Time  history  of  a  landing  made  with  an  unrestricted 

elevator  rate. 
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Figure  5.  -  Time  histories  of  normal  acceleration  for  two  values  of 

booster  valve  friction. 


Figure  6.  -  Schematic  drawing  of  feel  device. 
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Figure  7.  -  Dynamic  stability  runs  of  normal  acceleration 
with  and  without  the  feel  device. 
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Figure  8.  -  Pilot’s  stick  force  versus  indicated  airspeed  with 
and  without  the  feel  device. 
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Figure  9.  -  Pilot’s  stick  force  versus  normal  acceleration  with  and  without 

feel  device. 


RESTRICTED 


PROPULSION  CONSIDERATIONS  FOR  HIGH-SPEED  TRANSPORT  AIRPTJ^NES 


RESTRICTED 


16.  SOME  COKSIUEEATIONS  OF  AIRCEAFT  NOISE 
By  Harvey  H.  Hubbard 


BESTRICTSD 


112 


PSOPULSIOII  CONSIDERATICUS  FOR  HIOH-SPBED  TRAl^SPORT  AIRPLANES 
l6,  SOME  CONSIDERATIOI'IS  OF  AIRCRAFT  NOISE 
By  "arvey  H,  Hubbard 
Langley  Aeronautical  Laboratory 


Studios  of  aircraft  noise  are  coraplo::  and  havo  a  groat  many  ramifi- 
cationSo  In  addition  to  the  v/oll  known  nuisance  aspects  a  person  may 
suffer  temporary  deafness,  communications  of  all  kinds  may  bo  disrupted, 
and  various  electronic  devices  may  be  caused  to  malfunction. 

In  the  propeller,  the  reciprocating  engine,  and  the  turbojet  engine, 
the  aircraft  industry  has  some  of  the  most  prolific  noise  generators  the 
world  has  knovm.  In  addition  to  those  accessories  the  airframe  itself  Is 
a  source  of  noise  as  it  moves  throu,'-;h  the  air. 

It  is  the  purpose  of  this  paper  to  introduce  and  to  indicate  the  scope 
of  some  of  tho  aircraft  noise  problems*  Brief  reviews  of  rosoarch  in  re¬ 
gard  to  the  various  phases  of  the  problem  will  bo  treated  in  the  following 
ordorj  propeller  noise,  on^;ino-o:daau8t  noise  and  muffling,  and  , lot-engine 
noise.  Since  a  portion  of  this  research  was  ecconplishcd  by  persons  not 
connected  with  tho  IT^.CA,  I  wish  to  aclaiowlodgo  contributions  from  the  work 
of  Dr,  Horace  0,  Parrack,  Mr,  Kenneth  R,  Jackman,  and  various  groups  at 
tho  Bell  Telephone  Laboratories,  euid  tho  Aeronautical  Rosoarch  Foundation, 
Figure.  1  (rcfcronco  l)  illustrates  tho  ranges  of  frcquoncy  and  intensity 
concerned  in  this  paper,  Tho  horizontal  scale  is  frequency  in  cycles 
per  second.  The  vertical  scale  is  in  docibolo,  whore  a  decibel  is  a 
convenient  logarithmic  unit  of  sound  intensity.  The  shad  d  portion  in¬ 
dicates  tho  froquoncios  and  corresponding  intensities  necessary  for  nor¬ 
mal  speech,  Ssporiments  at  the  Boll  Telephone  Laboi’atories  (roforonco 
2)  have  shown  that  the  oar  docs  not  respond  equally  well  to  sounds  of 
all  froquoncios  and  intensities.  This  non-linoar  response  of  the  oar  is 
not  a  function  of  intensity  or  frequency  alone  but  depends  on  both  of 
those  togotherc  Tho  car  is  most  sensitive  to  frequencies  in  the  order 
of  1000  cycles  per  second  and  tho  sensitivity  drops  off  for  tho  region 
of  low  froquoncios  and  intensities.  Normally,  for  aircraft  noise,  ad- 
vanteigo  can  not  bo  taken  of  this  phenomenon  because  tho  associated  in- 
tonsitios  aro  so  groat  as  to  bo  in  tho  range  where  tho  response  of  tho 
oar, is  flat.  It  is  only  after  somb  reduction  of  the  intensities  has 
taken  placo  or  unless  tho  obsorvor  is  at  a  great  distance  from  the 
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aourco  that  much  'bonoflt  can  ho  derived  at  tho  low  froquoncios  from  tho 
froquoncy  rosponso  of  tho  oar.  It  was  also  fouxid  at  tho  Bell  Tclcphono 
hahoratorios  that  a  low  frequency  was  offcctivo  in  masking  any  higher 
frequency..  Because  of  this  phonomonon  communications  and  speech  aro 
very  difficult  in  the  prosouco  of  a  low  frequency  hackground  noise. 

Thus,  figuro  1  suggests  that  as  tho  intonsitios  of  tho  lov;  fro¬ 
quoncios  aro  incroascd,  communications  aro  prohahly  the  first  to  ho 
affected.  Many  scientists  think  that  a  person  may  ho  continuously  ex¬ 
posed  to  levels  of  85  decihols,  as  indicatod  hy  the  dotted  line  with¬ 
out  any  lasting  ill  effects  and  tho  Air  Force  has  adopted  this  level 
in  order  to  standardize  its  facilities.  At  levels  above  this  a  person 
will  experience  more  and  more  discomfort  until  pain  or  physical  damage 
is  experienced.  It  is  quite  generally  agreed  that  persons  should  not 
he  required  to  withstand  intensities  above  IkO  decibels  and  for  condi¬ 
tion?  involving  long-term  exposures  the  limit  is  probably  in  the  order 
of  85  decibels  or  below. 

Since  it  Is  well  kno^vn  that  noises  are  less  intense  as  the  distance 
from  the  source  is  increased,  it  is  of  interest  to  evaluate  this  effect 
of  distance  on  aircraft  noise,.  Figure  2  is  a  plot  of  the  reduction  in 
decibels  as  a  function  of  distance  in  feet  for  various  frequencies  in 
the  audible  range  (reference  3)0  solid  curve  is  an  indication  of 

the  reduction  in  intensity  due  t.o  the  spreading  of  the  wave  as  distance 
increases.  Due  to  this  phenomenon  which  holds  true  for.no  atmospheric 
losses  there  Is  a  decrease  of  sound  intensity  of  20  decibels  each  time 
the  distance  is  Increased  ren  fold.  The  dashed  curves  indicate  tne  amount 
of  measured  reduction  as  a  function  of  distance  that  is  obtnihed  for 
various  frequencies^  The  difference  between  the  solid  and  dashed  curves 
is  the  atmospheric  attenuation,  where  atmospheric  attenuation  is  reduc¬ 
tion  in  intensity  due  to  conversion  of  the  sound  energy  to  heat  energy 
by  viscosity,  conduction,  water  vapor,  etc.  For  a  frequency  of  10,000 
cycles  per  second  which  is  near  the  limit  of  the  audible  range,  thera  is 
considerable  attenuation  at  1000  feet  \idiile  for  frequencies  of  1000  cycles 
per  second  or  less  there  is  a  negligible  amount  even  at  10,000  feet, 

Sound  measurements  on  an  AT-6  airplane  in  flight  fell  near  the  sound 
curve,  tiaus  indicating  that  for  that  particular  configuration  little 
or  no  atmospheric  attenuation  was  present,.  Thus,  it  is  seen  that  for 
high  frequencies  or  large  distances  the  atmospheric  attenuation  may  be 
appreciable  vdiile  for  low  frequencies  or  small  distances  it  is  negligible. 

Since  it  is  seen  that  not  much  benefit  is  derived  by  the  so'Ui’d  re¬ 
duction  characteristics  of  the  human  ear  and  of  the  atmosphere  it  is 
necessary  to  turn  to  ‘other  and  more  effective  meanSc  Sound  redaction 
is  usually  accomplished  in  two  general  ways,,  One  of  these  is  to  reduce 
the  sound  at  the  source  and  the  other  is  the  enclosing  by  means  of  a 
suitable  structure  of  either  the  sound  source  or  those  persons  to  be 
protected.  Both  methods  of  soond  reduction  are  important  and  are  prob¬ 
ably  most  effective  when  used  to  complement  each  ether. 


The  amounts  of  reduction  availf-hle  from  various  schemes  of  sound 
proofing  are  dependent  to  a  large  extont  on  the  frequency  of  the  im¬ 
pinging  sound,  Figure  3  illustrntes  the  amoujit  of  noise  reduction  ob¬ 
tainable  in  an  airplane  fu-elage  by  uso  of  some  of  tho  sound  proofing 
techniques  in  common  uso  today.  Decibels  of  /oductiou  are  plotted  as  a 
function  of  frequency.  The  curve  represents  the  amount  of  reduction  ob¬ 
tained  at  various  frequencies  by  the  addition  of  trim  cloth,  carpeting, 
and  absorbing  material  such  as  glass  wool  over  that  obtained  v.'ith  the 
bare  fuselage  (reference  4),  These  results  indicate)  that  at  frequencies 
in  the  .'order  of  1000  cycles  per  second  and  above,  considerable  reduction 
may  bo  obtained  by  use  of  standard  sound  proofing  cecliniqucs.  At  lower 
frequencies  the  reductions  obtainable  are  relatively  small. 

Now  that  thore  is  an  evaluation  of  some  sound  proofing  tecimiques 
that  nay  be  used  to  reduce  the  noise  after  it  has  been  geuorat od  it  is 
appropriate  to  In'-'estigate  the  significant  parameters  in  noise  genera¬ 
tion  to  determine  vhat  may  be  done  to  reduce  the  various  noise  components 
at  the  source;  and  espocially  the  lowei-  frequencies  that  are  most  diffi¬ 
cult  to  reduce  by  other  moans.  Any  raduction  obtained  at  the  sourc  '  is 
important  bpcause  it  benefits  the  persons  on  tho  ground  as  v;ell  as  those 
in  tho  aiiplano, 

Fi-;ure  4  is  a  p.clar  diagram  showing  the  two  sources,  of  noise  from  a 
propeller  and  gives  an  .indication  of  tho  relative  Intensities  and  direc¬ 
tional  characteristics  of  orch  for  a  typical  pres'nt~day  configuration 
(references).  The  rotational  noise  v’hioh  is  a  function  of  tho  forces  on 
the  blades  is  seen  to  lir.ve  greater  intensity  than  tno  i^'orle;.:  noire  which 
is  associated  with  the  turbulent  wako  of  the  'blades.  Both  sourct  5  ra¬ 
diate  noise  .in  a  directional  manner.  The  rotational  noise  is  laoxe  in¬ 
tense  near  tho  plane  of  rotation  and  is  woalcest  on  the  axis  of  rotation, 
Tho  reverse  is  tru,c  of  the  vortex  no.lse.  The  frcnuency  spectrum  of  the 
rotational  noise  consists  of  discrete  frequencies  which  are  mult.lples  of 
tho  blade -passage  froquoncy,  Tne  frequencies  then  are  determined  by  the 
rotational  speed  and  the  number  of  blades,  For  tip  Kach  numbers'  up  bo 
0/30  the  fundamantal  frequency  is  usually  the  most  intense,.  At  super¬ 
sonic  t'lp  speeds  some  of  tho  higher  harmonics  become  predominant,  Vor- 
tox  noisp  consists  of  a  vjide  band  of  random  frequencies  extending  from 
some  lev/' raluo  to  several  thousand  C7,'c1gs  per  second.,  .'L'n  reduc:.ng  pro¬ 
peller  noise  tho  rotational  nolso  is  f.irst  roduecd  since' it  is  predomi¬ 
nant,  "Px-oced'xres  for  red.uclng  the  rotacional  no.isc  will  usually  also 
roduco  tiic  'vortox  noisG  but  at  a  slower  rate,,  Tpus  .for  quiet  ]bropollors 
the  vortex  component  may  be  a  large  part  of  the  total:. 

Two  off cctiva  ways  in  which  propeller  noise  may  be  reduced  are 
shown  in  figufe  5  where  the  sound  intonsitios.  are  plotted  as  a  function 
of  ^thd  tip  Mach  number  at  constant  power  for  a  two-  and  a  six  -blade 
single-rotation  pnopellor,  .tt  should  be  noted  that  tho  tip  Mach  number 
rather  'Uian  the  rom  Is  a  significant  parameter  in  noise  .generation.  It 
is  apparent  from  the  figure  that  intensities  generated  by  tho . six-blade 
propeller  arc  lower  than  those  for  the  tiro-blade  ;propellor  at  all  :tip 
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Mach  numbors  ovon  though  at  suporaonic  tip  Mach  nunhors  those  diffcroncoa 
aro  rolatively  small.  It  can  bo  soon  thon  that  an  Increaso  in  tho  numbor 
of  blades  is  alxmys  bonoficial  in  reducing  the  noise  produced. 

Another  very  effective  way  in  which  propeller  noiso  may  be  reduced 
is  to  lower  tho  tip  Mach  numbor,  Figure  5  shows  that  the  noise  intensi¬ 
ties  reduce  at  a  rapid  rate  as  tip  Mach  number  is  reducod. 

In  practice  it  follows  that  if  a  larger  numbor  of  blades  is  used  the 
tip  Mach  numbor  may  be  lov’crcd  because  of  the  additional  blade  area  avail¬ 
able,  Points  •'A'*  and  represent  two  typical  operating  conditions  vdiero 
tho  same  power  is  absorbed  by  these  tvjo  propellers  at  different  tip  Mach 
numbers,  Tho  reduction  of  approximately  3O  decibels  thus  obtained  illus¬ 
trates  the  benefits  available  from  multiblade  propellers. 

Figure  5  also  permits  comparison  of  supersonic  propellers  v/ith  con¬ 
ventional  ones  in  regard  to  noise  generation.  Noise  levels  aro  seen  to 
bo  very  high  and  since  by  definition  tho  tip  Mach  numbers  for  operation 
are  above  unityi  ways  of  noise  reduction  are  greatly  limited. 

In  the  oscillating  pressure  field  surrounding  a  propeller,  the,  in¬ 
tensity  depends  on  the  distance  from  the  source.  At  points  av/ay  from 
the  propeller  those  oscillating  pressures  are  recognized  only  as  noiso. 

At  points  in  close  proximity  to  tho  propeller  they  produce  intense  noise 
and  aro  also  capable  of  exciting  destructive  vibrations  in  nearby  air¬ 
craft  structures  (reference  6),  The  frequencies  of  those  pressures  aro 
a  function  of  tho  rotational  speed  of  tho  propeller  and  the  number  of 
blades. 

The  study  of  these  intense  oscillating  pressure  fields  and  their 
associated  vibrations  is  of  interest  as  an  inqportant  related  subject. 

Figure  6  Illustrates  schematically  some  typical  pressure  measurements 
near  the  propeller  where  the  points  of  measurement  are  indicated  by 
the  check  marks.  Flow  through  the  propeller  disk  is  from  top  to  bottom. 

The  pressure  distributions  ahead  of  the  propeller  in  the  region  vdiere  a 
wing  might  be  located  are  shown  in  the  top-most  shaded  area.  The  maximum 
pressures  were  measured  near  the  3/^  station  of  the  blades.  These  pres¬ 
sures  under  certain  conditions  may  have  caused  failures  of  the  secondary 
structure  of  the  wing.  The  shaded  portion  on  the  left  indicates  the  pres¬ 
sure  distribution  in  the  region  vdiere  a  fuselage  might  be  located.  The 
peak  pressures  occur  near  the  plane  of  rotation.  These  pressures  under 
certain  conditions  have  caused  failures  of  some  parts  of  the  fuselage 
wall  structure.  In  general*  procedures  for  reducing  the  propeller  noise 
will  also  be  beneficial  in  reducing  the  propeller- excited  vibrations. 

An  Increaso  in  the  clearances  between  the  propeller  and  the  wing  and 
fuselage  is  especially  beneficial  in  reducing  the  effects  of  these  pressures. 

Since  reciprocating  engines  are  still  very  much  in  the  picture  for 
aircraft  propulsion  it  is  of  interest  to  investigate  the  characteristics 
of  exhaust  noise  from  this  type  of  engine.  The  solid  curve  of  figure  7 
shows  schematically  tho  conqpositlon  of  a  typical  exhaust  noise  spectrum 
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where  Intensity  is  plotted  as  a  function  of  frequency.  The  fundamental 
firli^  frequency  is  the  strongest  one  present  and  the  intensities  of 
the  higher  ordeT  frequencies  are  considerably  lower  in  amplitude.  Some 
-  confusion  exists  as  to  vdiich  fr^nuencies.  should  he  reduced.  The  task  of 
reducing  the  overall  exhaqst  noise  ie  apparently  one  of  reducing  the  low 
frequency  conroonents  since  they  are  of  greatest  strength,  however,  some 
ohsorvors  feel  that  the  higher  order  frequencies  are  most  ohjectionahle. 

For  any  given  engine  we  oan  look  to  the  exhaust  muffler  as  a  means 
of  reducing  this  exliaust  noise,  A  very  simjsle  muffler  design  for  small 
personal-owner-type  aircraft  is  illustrated  in  figure  7*  exhaust 

gases  pees  straight  throu^  the  central  pipe  to  eliminate. excessive  en¬ 
gine  hack  pressure^,  A  chamber  is  built  around  this  central  pipe  in 
such  a  way  that- it  will  store  up  energy- at  the  peak  of  a  pres-sure  wave 
and  return  the  ener-gy  at  a  trough  of. -the  wave,  thus  tending  to  smooth 
out  the  pressure  pulses  and  reduce  the  oscillating  pressures. 

The  eff ectlvenoss  of  this  muff ler  is  shown  on  the  figure  where  the 
space  between  the  curves  represents  noise  reduction.  Even  though  a 
muffler  may  be  designed  to  provide  greatest  reduction  at  a  given,. fre- 
q^^^ncy  it  can  also  provide  considerable  reduction  for  a  band  of  frequen¬ 
cies  on  each  side  of  the  design  point.  Hence  in  this  case  where  the  de¬ 
sign  is  near  25O  cps  it  will  .provide  some  reduction  for  both  the  higher 
and  lower  froquoncies  in  order  to  bring  them  down  to  some  desired  level. 
From  the  standpoint  of  muffler  design  it  is  beneficial  to  keep  the  firii® 
frequency  as  high  as  possible  since  that  tends  to  keep  down  the  size  and 
weight  of  the  muffler, 

To  this  point  methods  have  been  sHown  by  which  propeller  noise  and 
engine  exhaust  noise  may  be  reduced.  In  an  effort  to-doi.ermine  the 

practicability  of  applying  these  schemes,  the  NACA  in  19^8  modified  a.- _ 

small  airplane  to  reduce  the  noise  reaching  the  ground  (references  7 
and  S),  The  results  of  this  e^qiGrlment  and  other  subsequent  research 
at  the  Aeronautical  Research  Foundation  (reference  9)  indicated  that 
by  known  methods  of  noise  reduction  a  personal-owner-typo  aircraft  may 
be  made  quiet,  perhaps  moro  so  than  necessary, 

■  .  .  -  ■■  .  \  ; 

Follo\d.ng  successful. :.noise-reduction  tests- v/ith  the  small  airplane 
it  was.  thought  advisable,  by  thes-NACA  to  .make  a  preliminary  .study  of 
modifications  required  to  the  prop eilor  and engine,  e^aast  system,  for 
a  large  transport-typo  aircraft,-  The  typG.of  modifications  that  were 
estimated,  based? on- an  extrapolation  of  data  for  smalL.airc.lenos: aro- 
thoso  shown  in  figur.q  8,-  If  the  ^number  of  blades  were  incroasod.  from 
3  to  6  whilo  holding  diampt.er-.. .constant  and  the  rotational  ..speed  was  re¬ 
duced  from  l400  to;  650  rpni.^t.  was  estimated  that,  .the  propelloT:  noise 
could  bo  reduced  by  about  25  db.  It  should  be  noted  that  the  proposed 
modification  would  .require  a  .change  in  the  gear  ratip^  It  is  estimated 
that  with  the  modified  prcpelier .  tho  tako--off  and  climb  performanco-will 
be  reduced  slightly  but  oyui so  performance  would, be  cocporablei  It.  is  of 
interest  that  propellers  designed  to  operate  at  low  Rotational  speeds  to 


delay  coH5)ro88i'billty  loa808  appear  to  be  tho  optimum  design  aoruaynam- 
ically  for  apecds  irl  tho  450  -  550  range*  Hence  the'  sound  roquiro- 
monts  and  aorodynamic  roouirGmonts  of  propellers  for  transport  type  air¬ 
craft  appear  to  bo  in  harmony, 

Sstimptes  of  tho  exliaust  nOiso  level  of  tho  E-2S00  engine  indicated 
tho  need  for  a  20-docibol  reduction  in  the  overall  noise  lo’^el.  The 
sketch  of  figure  8  shows  the  type  and  slzo  of  muffler  estimated  to 
accomplish  this  result.  This  design  embodies  tho  results  of  research 
on  light  airplane  mufflers  and  a  limited  number  of  cold  air  tests.  The 
design  is  a  multi-chamber  resonator  with  an  elliptical  cross  section. 

It- was  thought  that  it  would  fair  into  tho  region  in  the  top  of  the 
nacelle  behind  tho  carburetor  air  intake  scoop  in  a  manner  shown  by  the 
sketch  vfliere  the  shaded  portion  indicates  tho  path  of  the  exhaust  gases. 
This  installation  was  designed  to  reduce  the  noise  reaching  the  ground. 
Modifications  of  present-day  aircraft  to  incorporate  noise  reduction 
features  will  probably  involve,  a  weight  penalty^  Hence  tho  gains  in 
comfort  and  utility  must  be  weighed  against  losses  in  performance  caused 
by  these  modifications, 

Tho  turbojet  engine  is  one  of  the  most  prolific  genor.  tors  of  a 
random  noise  spectrum,  Figure  9  Illustrates  tw  different  spectra  ob¬ 
tained  in  open  air  for  the  TG-.19O  engine  at  take  off .  Frequency  in 
cps  is  plotted  as  a  function  of  decibels  at  two  points  in  the  jet  noise 
field.  The  solid  curve  represents  data  recorded  in  octave  bands  at  .90° 
to  the  Jot  a::is  and  at  a  uistance  of  .12  feet.  It  is  seen  that  there  is 
a  large  amount  of  energy  present  in  all  the  audible  range  and  beyond,  to 
frequencies  above  the  audible  range..  The  dashed  curve  v;as  recorded  at 
30°  from  the  axis  of  the  jet  and  at  the  same  dlstenco  from  tho  orifice. 

This  curve  shov.'s  a  much  greater  concontration  of  the  energy  in  tho  fre¬ 
quency  rango  bolow  1500  cps,  but  vfith  the  intensities  fall.'ng  off  rapid¬ 
ly  as  freouency  increases,  Tho  nolso.fiold  is  seen  to  be  highly  direc¬ 
tional,  with  uaiimum  intensities  occurring  near  the  Jot.  To  tho  person 
inside  the  airplane  the  noise  will  vary  widely  according  to  hxs  position 
relative  to  tho  Jot  orifice.  The  main  source  of  Jot-origino  noise  is  the 
jet  itself  and  there  is  some  evidence  to- indicate  that  the  noise  generated 
decreases  with  increased  forward  speed  of  the  lirplane,'  Although  the 
subject  of  aerodynamic  noise  is  not  treated  in  this  paper  it  is  signifiaant 
to  note  that  at  high  forward  speeds  this  component  may  be  predominant  in 
the  forwaiil  Compartments  of  some  Jet  aircraft.  Studies  are  continuing 
?n  an  atteinpt  to  determine  the  variation  of  Jet  noise  as  a  function  of 
various  parameters  such,  as  thrust,  velocity,  tompcratcu:o,  etc,,  before 
effective  hoise-reductlon  techniques  may  bo  applied,. 

Since  the 'turbojet  is  des.tincd  to.  compete  with  propellers-  operating 
at  .supersonic  tip  speeds  for  propulsion  at  very  high  speeds,  there  is 
great  interest  in  comparing  the  noise  spectra  produced  by  them, In  or¬ 
der  to  provide  such  a  comparison,  curve  from  figure  9  Is'roplotted 
on  figure  10  along  v/ith  an  estimated  frequoncy  spectrum  of  a  propeller 
operating  at  a  tip  Mach  number  of  1,20  and  producing  the  same  thrust  at 
take-off  as  the  turbojet.  The  data  aro  for  comparable  distances  and 
positions  in  tho  sound  fields,  for  tho  opon-air  condition. 
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We  can  see  that  the  Intensities  generated  hy  both  are  in  the  range 
likely  to  cause  great  discomfort.  The  intensities  in  the  low-freouency 
range  are  such  as  to  interfere  strongly  with  communications  and  will  be 
difficult  to  soundproof  against.  Maximum  intensities  generated  by  tho 
propeller  are  seen  to  bo  in  tho  order  of  2C  decibels  higher  than  those 
of  tho  turbojet,  Tho  noise  levels  resulting  from  tho  use  of  propellers 
operating  at  supersonic  tip  speeds  are  seen  to  create  a  serious  operating 
problem. 

In  summary  the  following  observations  may  be  notedt  (l)  for  flight 
Mad-  numbers  up  to  approximately  0,70  It  appears  that  quiet  propellers 
may  bo  used  at  good  aerodynamic  efficiency;  (2)  engine  exhaust  muffling 
of  small  aircraft  engines  has  proven  technically  feasible  and  it  is 
thought  that  tho  same  techniques  may  bo  applied  to  larger  engines,  and 
(3)  tho  use  of  tho  turbojet  engine  and  propellers  operating  at  supersonic 
tip  speeds  will  give  rise  to  serious  noise  reduction  problems. 
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Figure  1.  -  Frequency  and  intensity  considerations  in  regard  to  the 

hearing  mechanism. 
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Figure  2.  -  Noise  reduction  as  a  function  of  distance  from  the  source. 
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Figure  3.  - 


Noise  reduction  obtainable  in  an  airplane  fuselage  by  typical 
sound  proofing  techniques. 
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Figure  4.  -  Polar  distribution  of  propeller  noise. 
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Figure  5.  -  Effects  of  tip  Mach  number  and  number  of  blades  on  the 
noise  produced  by  single  rotation  propellers  at  constant  power 
input. 


DIRECTION  OF 
FLIGHT 

i 


Figure  6.  -  Free  space  oscillating  pressure  distributions  near  a 

propeller. 
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Figure  7.  -  Exhaust  noise  spectra  for  a  small  reciprocating  engine 

before  and  after  muffling. 


Figure  8.  >  Estimated  modifications  necessary  for  quieting  the 
propeller  and  engine  exhaust  of  a  transport  type  aircraft. 
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Figure  9.  -  Noise  spectra  for  the  TG-190  turbojet  engine  at  take-off. 
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Figure  10.  -  Comparison  of  the  noise  produced  by  a  turbojet  engine  and 
a  9'|-  ft.  diam.  propeller  operating  at  a  tip  Mach  number  of  1.20  for  equal 
static  thrust.  (Distances  are  12  feet  from  axis  of  jet  and  propeller  tips 
respectivly) 
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PKOi^SION  COIISIDER/vTIONS  FOR  HIGH  -SEEED  TRANSPORT  AIRPLANES 
17.  PROPELLER  CONSIDERATIONS  FOR  HIGH-SPEED  TRATISPORT  AIRPLANES 
Bj  Blake  .7.  Corson,  Jr.  and  John  L.  Crigler 
Langley  Aeronautical  Laboratory 

The  problsma  associated  with  propellers  designed  for  improved  per¬ 
formance  at  high  speed  differ  from  thoi<e  for  lorf  §peed  propellers  not 
so  much  in  character  as  in  severity,  tiade  centrlfi;gal  stress, 
flutter,  vibiation,  noise,  abrasion,  and  icing  ai'e  old  problems.  As 
increased  povser  and  speed  req.ulre  a  greater  degree  of  aerodynamic 
refinement,  these  problems  in  general  become  mere  difficult  and  change 
perhaps  in  relative  importance ,  but  otherwise  ore  already  familiar 
to  the  designei'  and  cpj.'ator.  In  looking  ahead  to  seme  of  the  problems 
to  be  encountered  in  tho  design  and  operation  of  propellers  for  high¬ 
speed  transport  alo  croft  it  is  interesting  to  review  some  propeller 
developments  of  recent  years. 

Figure  1  illustrates  recent  progress  in  the  development  of  high¬ 
speed  propellers.  The  curves  show  the  variation  of  efficiency  with 
flight  Mach  nimber  for  propeller  types  intended  for  application  in 
three  different  epoed  rar.gea.  The  sketch  on  the  left  indicates  the 
kind  of  propeller  which  was  in  general  use  about  a  decaide  ago.  The 
propeller  is  characterized  by  cylindrical  blade  shanks  and  by  working 
blade  sections  about  10  percent  thick.  In  a  typical  application  a 
thi'ee -blade  nropeli.er  of  this  type  10  feet  in  diameter  would  absorb 
1700  horsepower  at  a  rotational  speed  of  1700  rpm  arid  flight  speed  of 
350  mph.  Such  a  propeller  is  intended  for  application  at  speeds  up  to 
Mach  number  of  about  0.5,  and  for  this  speed  range  it  is  still  the 
type  of  propeller  most  commonly  used. 

The  breeik  in  the  efficiency  cxjrve  at  Mach  number  0.5  denotes  the 
speed  at  which  the  adverse  effects  of  compressibility  cause  an  increase 
in  drag  of  the  cyllndriceil  shanks  and  thick  blade  sections  which  leads 
to  a  rapid  loss  of  efficiency  with  further  increase  in  speed. 

The  second  sketch  indicates  a  more  recently  developed  propeller 
type,  now  coming  into  general  use,  in  which  the  major  faults  of  the 
earlier  type  propeller  have  been  eliminated.  For  this  propeller  the 
thickness  ratio  of  the  working  sections  has  been  reduced  to  about 
7  percent,  and  the  cylindrical  shanks  have  been  replaced  by  airfoil 
sections  which  extend  to  the  spinner  surface.  The  essential  feature 
of  this  propeller  is  that  it  operates  at  relatively  low  values  of 
rotational  speed  by  which  means  the  adverse  effects  of  compressibility 
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are  delayed  until  higher  forward  speeds  are  attained.  These  changes 
have  reaxilted  In  a  propeller  which  will  operate  efficiently  at  flight 
speeds  up  to  Mach  number  0.7 ,  and  in  the  lower  speed  range  it  is 
slightly  mere  efficient  than  the  older  type  propeller.  In  this  case  a 
practical  application  would  be  represented  by  use  of  a  14 -foot  diameter, 
4 -blade  propeller  turning  at  a  rotational  speed  of  only  800  rpm  at  a 
flight  speed  of  500  mph,  and  absorbing  3000  horsepower.  In  comparison 
with  the  eajller  type  propeller  note  that  the  larger  diameter  in  this 
case  is  a  result  to  some  extent  of  the  increased  power,  but  arises  for 
the  most  part  from  the  decreased  rotational  speed.  Reducing  rotational 
speed  is  an  effective  method  for  delaying  the  adverse  effects  of  com¬ 
pressibility  but  req.ulres  greatly  increased  propeller  size. 

The  upper  right  hand  sketch  Indicates  a  propeller  type  which  is 
still  in  the  development  stage.  It  is  essentially  a  highly  refined 
version  of  the  best  modern  propeller  previously  described  and  its 
characteristic  feature  is  that  its  blade  sections  are  extremely  thin. 

For  this  type  of  propeller  the  designer  accepts  the  fact  that  adverse 
compressibility  effects  can  no  longer  be  avoided  by  reduction  of  blade 
section  speed,  and  therefore  makes  every  effort  to  reduce  the  magni¬ 
tude  of  the  loss  which  he  knows  must  occur.  Reduced  blade  thickness 
has  been  found  to  be  the  most  effective  means  for  minimizing  compres¬ 
sibility  losses  at  high  speed  as  ill\istrated  by  the  consistent  trend 
toward  reduced  thickness  ratio  shown  on  this  chart.  The  shank  sections 
of  such  a  propeller  are  perhaps  7  percent  thick,  while  the  working 
portions  of  the  blade  may  be  no  thicker  than  2  or  3  percent.  Also  the 
relative  width  of  the  blades  is  greater  than  for  the  other  two  propeller 
types  considered.  For  this  very  thin  bladed  propeller  the  speed  at 
which  the  efficiency  begins  to  decrease  is  appreciably  greater  than  for 
the  modem  conventional  propeller,  but  the  interesting  fact  is  that  the 
efficiency  does  not  decrease  rapidly  with  increasing  speed.  At  a  flight 
Mach  number  of  0.9  the  efficiency  of  this  propeller  remains  greater 
than  75  percent. 

A  typical  application  for  a  propeller  of  this  type  is  represented 
by  the  absorption  of  5000  horsepower  with  a  four-blade  propeller 
13  feet  in  diameter  turning  at  1400  rpm  at  a  speed  of  600  mph.  Note 
that  in  comparison  with  the  previous  case  although  the  power  is 
increased  more  than  60  percent  a  decrease  in  diameter  is  made  possible 
by  the  increased  rotational  speed.  This  trend  at  least  Indicates  the 
possibility  that  for  the  high  powered  turbine  engines  soon  to  be 
available  propeller  sizes  may  not  be  greater  than  those  now  in  use. 

Included  on  this  chart  is  a  curve  showing  the  variation  of  Jet 
efficiency  with  flight  Mach  number.  At  the  time  when  Jets  became 
popular  the  best  available  information  on  propeller  efficiency  similar 
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to  the  two  cvrves  oa  the  left,  Indicated  the  definite  superiority  of 
the  Jet  for  speeds  above  500  miles  per  hour  especially  when  the 
lighter  weight  and  simplicity  of  the  Jet  were  considered.  For  cases 
in  which  high  speed  was  the  deciding  factor  the  Jet  was  naturally 
chosen,  hut  fpr  long  range  aircraft  capable  of  cruising  at  relatively 
low  speed  the  propeller  would  give  better  performance.  From  infor¬ 
mation  now  available  It  appears  that  the  thin  high-speed  propeller  will 
compete  with  the  Jet  at  speeds  up  to  600  miles  per  hour,  end  for 
cruising  at  about  500  miles  per  hour  offers  20  to  25  percent  greater 
I’ange. 

The  problems  associated  with  propeller  operation  are  cciamon  to 
all  three  propeller  types  described.  The  severity  of  the  problems, 
however,  increases  with  speed  and  degree  of  refinement.  Many  of  the 
problems  were  solved  for  the  older  type  propellers  simply  by  the  use 
of  rugged  construction.  For  the  new  propellers  the  refined  aerodynamic 
design  la  not  compatible  with  rugged  construction  and  the  designer’s 
problem  is  becoming  increasingly  difficult.  Because  the  high-speed 
propeller  la  still  in  the  development  stage,  many  of  the  operating 
problems  are  not  completely  defined.  The  remainder  of  this  paper 
deals  with  some  of  the  aerodynamic  and  stnicttiral  trends  associated 
with  propellers  suitable  for  application  at  speeds  of  500  to  600  miles 
per  hour  to  provide  an  indication  of  the  sort  of  problems  likely  to 
occur  in  operation. 

Figure  2  presents  the  variation  of  efficiency  with  flight  Mach 
number  for  two  propellers  of  the  thin  blade  type  having  diameters  of 
10  .and  16  feet  respectively,  but  operating  at  greatly  different  values 
of  rotational  8x>eed.  Each  of  the  propellers  will  absorb  5000  horse¬ 
power  at  a  Mach  number  of  0.9. 

If  the  Important  operating  condition  is  high  speed,  for  example, 
Mach  number  0,9.,  or  if  most  of  the  time  will  be  spent  in  flight  near 
maximum  .speed ,  the  smell  diameter  propeller  turning  at  high  rotational 
speed  would  be  chosen  because  of  its  lighter  weight  and  more  simple 
gearing  roiulrements.  1 le  differ eUSe  in  efficiency  of  the  propellers 
at  high  speed  is  negligible.  On  the  other  hand,  if  Mach  number  0.7 
is  the  maximum  design  speed,  or  if  high  speed  is  only  an  occasional 
req,ulremeht  and  most  operation  will  be  with  reduced  power  at  lower' 
speed,  say  500  miles,  per.  hour,  then  a  larger  diameter  propeller  would 
offer  better  economy.  For  example,  where  cruising  flight  is  main¬ 
tained  on  half  power  or  less  by  cutting  out  one  unit  of  a  double 
engine  the  larger  propeller  would  operate  with  about  87  percent  effi¬ 
ciency  which  is  about  5  percent,  better  than  would  be  obtained  with  the 
.smaller  propeller.  Except  for  having  unusually  thin  blade  sections 
this  larger  diameter  propeller  would  in  other  respects  be  similar  to 
the  most  refined  propellers  now  in  use. 
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While  efficiency  is  one  of  the  prime  factors  affecting  propeller 
selection  practical  aspects  of  propeller  application  such  as  size, 
weight,  and  structureil  integrity  are  more  often  the  decisive  factors. 
Figure  3  presents  the  variation  of  diameter  with  power  and  rotational 
speed  for  propellers  having  design  veilues  of  advance  ratio  of  2  and  4. 
Advance  ratio,  v/hD,  is  essentially  the  ratio  of  flight  speed  to 
propeller  rotational  tip  speed  and  defines  the  aerodynamic  geometry  of 
propeller  operation.  For  each  curve  the  rotational  tip  speed  is  con¬ 
stant  as  shown  hy  the  second  column.  The  points  Indicated  on  the  solid 
curves  cite  the  example  chosen  for  the  previous  chart  and  show  that  as 
diameter  is  Increased  the  rotational  speed  decreases  rapidly.  The 
column  on  the  right  shows  typical  values  of  maximum  centrifugal  stress 
for  solid  steel  blades.  These  values  show  that  the  trend  toward  small 
size  and  hlgli  rotational  speed  la  accompanied  by  a  rapid  increase  in 
centrifugal  stress  which  is  a  limiting  factor  in  this  direction.  On 
the  other  hand,  for  very  high  powered  installations  mere  size  and  weight 
of  slow  turning  propellers  makes  the  trend  toward  high  rotational  speed 
desirable. 

A  comparison  of  the  two  upper  curves  shows  the  effect  of  design 
speed  on  diameter.  The  cwves present  the  variation  of  diameter  with 
power  for  propellers  of  similar  geometric  design,  the  solid  curve  for 
a  flight  Mach  number  of  0.9,  the  dotted  cvirve  for  Mach  number  of  0.75. 
The  example  illxistrates  a  fortunate  trend  toward  smaller  diameters  as 
flight  speed  is  increased. 

Another  factor  which  critically  affects  propeller  diameter  is  the 
variation  of  air  density  with  altitude.  For  a  given  power,  the 
propeller  diameter  re<iuired  Increases  with  altitude.  However,  because 
turbine  engine  power  decreases  with  altitude  the  relation  between 
propeller  diameter,  engine  power,  and  altitude  is  a  specific  problem 
for  each  individual  application. 

While  no  criterion  for  the  selection  of  propeller  diameter  is 
offered  by  this  discussion,  the  material  does  illustrate  that  corner 
promises  must  be  made  between  size,  weight,  and  structural  Integrity 
which  from  the  practical  viewpoint  are  more  important  than  the  small 
differences  in  efficiency.  To  absorb  large  amovuits  of  power  at 
moderate  speed  with  best  efficiency,  the  trend  toward  large  diameter 
slow  turning  propellers  is  limited  by  physical  size  and  weight.  For 
the  small  diameter  high-speed  propellers  the  limiting  factors  are 
high  blade  stresses  and  poorer  performance  at  moderate  speed. 

Of  very  great  Interest  to  the  aircraft  operator  is  take-off  per¬ 
formance.  Figure  4  presents  the  variation  of  thrust  with  air  speed  in 
the  take-off  speed  range  for  the  10-foot  and  16 -foot  diameter  propellers 
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considered  in  the  previous  figures.  For  static  conditions  at  sea  level 
the  power  available  for  telce-off  was  assumed  to  be  6900  horsepower. 

In  general  it  would  be  expected  that  a  large  diameter  propeller 
would  produce  more  thrust  for  take-off  than  a  smaller  propeller 
absorbing  equal  power.  In  this  case>  however,  a  larger  propeller, 
which  with  no  additional  gearing  would  normally  turn  at  860  rpm, 
would  be  operating  in  a  badly  stalled  condition  and  would  produce  a 
static  thrust  of  only  about  7000  poiinds.  The  poor  performance  merely 
reflects  the  inability  of  the  propeller  to  absorb  the  available  power 
at  low  rotational  speed  without  becoming  stalled.  This  propeller 
under  such  operating  conditions  would  also  be  very  susceptible  to 
stall  flutter. 

The  improved  performance  attainable  through  use  of  a  two -speed 
gear  is  shown  by  the  dashed  curve  at  the  top.  The  same  16 -foot 
diameter  propeller  is  assumed,  but  for  take-off  its  rotational  speed 
is  assumed  to  be  increased  to  1300  rpm  by  provision  of  a  two -speed 
gear.  For  this  condition  the  blade  sections  are  no  longer  stalled, 
the  static  thrust  is  Increased  to  16,000  pounds,  and  the  tendency 
towards  stall  flutter  is  greatly  reduced. 

The  smaller  high-speed  propeller,  10  feet  in  diameter  turning  at 
2760  rpm,  produces  close  to  10,000  pounds  static  thrust.  Because  of 
its  high  disk  loading  and  unavoidable  compressibility  loss  the  pounds - 
thrust  per  horsepower  is  much  smaller  than  the  commonly  quoted  figure 
of  2.5,  but  it  does  operate  without  being  stalled.  This  fact  together 
with  the  high  rotational  tip  speed  make  for  a  propeller  type  for  which 
the  stc^l  flutter  problem  at  take-off  is  alleviated.  Also  because 
normal  operation  of  this  propeller  requires  extremely  high  rotational 
speed  no  additional  gearing  for  speed  change  at  take-off  is  required. 

These  limited  observations  indicate  that  aircraft  designed  prin¬ 
cipally  for  high-speed  flight,  Mach  number  0.9  or  greater,  may  well 
use  relatively  small  high-speed  propellers ,  and  obtain  satisfactory 
performance  in  take-off  without  the  complication  of  a  two -speed  gear. 
For  long-range  aircraft  required  to  cruise  at  moderately  high  speed, 
Mach  number  0.7,  consideration  of  efficiency  demands  a  trend  toward 
the  use  of  relatively  large  propellers  turning  at  low  speed.  For 
such  aircraft  take-off  performance  tends  to  become  critical.  In  view 
of  the  very  great  Increase  in  thrust  for  take-off  made  possible  by,  the 
use  of  a  two-speed  gear,  the  practicability  of  such  a  feat\aro  is 
worthy  of  consideration. 

To  this  point  the  dlsciission  has  been  confined  to  a  few  of  the 
aerodynamic  aspects  of  propeller  selection  and  operation.  Of  more 
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concern  to  the  operator  perhaps  are  the  problems  of  flutter  and 
vibration,  because,  these.  If  not  solved,  can  leed  to  structural 
failure. 

Figure  S  shows  the  variation  of  flutter  speed  coefficient  with 
blade  section  angle  of  attack  for  two  approximate  values  of  tip  Mach 
number.  The  flutter  speed  coefficient  la  the  ratio  of  resultant 
speed  to  the  product  of  blade  width  and  blade  torsional  freq.uency, 
the  resultant  speed  and  blade  width  being  measured  at  a  typical  section. 
Note  that  the  denominator,  the  product  of  blade  width  and  torsional 
frequency,  is  determined  by  physical  characteristics  of  the  propeller 
which  to  some  extent  can  be  controlled  by  the  designer.  For  a  given 
propeller  this  product  is  a  constant  and  the  ordinate  scale  therefore 
represents  section  speed,  or  for  the  static  case,  represents  rotational 
speed.  In  the  region  below  either  curve  the  propeller  will  operate 
free  from  flutter. 

For  small  values  of  section  angle  of  attack,  at  which  the  blade 
cannot  be  stalled,  flutter  does  not  occur  until  a  large  value  of  the 
flutter  speed  coefficient  la  attained.  In  this  angle  range  the  flutter 
is  of  the  classical  type.  At  higher  angles,  however,  between  8  and 
24  degrees,  the  blade  sections  become  stalled.  Flutter  is  encountered 
at  relatively  low  speed  and  is  of  the  type  designated  as  stall  flutter. 
Because  the  flutter  speed  coefficient  roaches  its  lowest  values  at 
section  angles  of  attack,  frequently  encountered  in  take-off,  the  most 
serious  flutter  problem  apparently  will  be  stall  flutter  during  take¬ 
off  and  climb. 

Note  that  as  the  tip  speed  is  increased  the  flutter  boundary  is 
raised,  and. there  is  good  indication  that  at  tip  speeds  somewhat 
greater  than  Mach  number  1.0  flutter  will  not  occur  at  all.  In  some 
cases  a  propeller  which  is  safe  for  operation  at  a  value  of  tip  Mach 
number  near  1.0,  may  be  susceptible  to  stall  flutter  at  low  values  of 
tip  Mach  number  and  therefore  could  not  be  brought  to  full  rotational 
speed  at  a  high  value  of  section  angle  of  attack  required  for  take¬ 
off.  In  such  a  case  it  may  still  be  possible  to  operate  the  propeller. 
The  section  angle  can  be  reduced  to  8  degrees ,  or  less ,  where  there  is 
no  danger  of  stall  flutter,  axid  the  rotational  speed  increased  to  the 
normal  rated  value.  For  example,  if  this  value  of  tip  Mach  number 
is  approximately  1.0,  the  higher  flutter  speed  boundary  then  applies, 
and  stall  flutter  will  not  occur  even  at  high  angles  of  attack.  It 
is  then  safe  to  Increase  blade  angle  to  the  value  required  for  take¬ 
off  and  climb.  When  this  critical  phase  of  operation  is  completed 
there  is  little  further  danger  frcxa  flutter  because  at  higher  flight 
speeds  the  blade  section  angles  of  attack  are  well  below  the  stall 
range.  For  such  a  marginal  propeller  design,  however,  the  same 
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procedure  in  reverse  must  bo  followed  at  the  completion  of  a  flight 
when  the  engine  is  shut  off. 

Another  type  of  propeller  vibration,  illustrated  in  figure  6, 
is  the  so-called  first-order  vibration  caused  by  operation  with  the 
thrust  axis  inclined  to  the  air  stream.  First-order  vibration  is 
experienced  by  all  propellers,  but  is  most  serious  for  those  having 
large  diameter  and  thin  blades. 

The  figure  to  the  left  illustrates  the  nature  of  the  exciting 
force  which  is  the  variation  of  thrust  exerted  by  the  blade  as  it 
turns  through  one  revolution.  When  the  thrust  axis  is  inclined  to 
the  air  stream  a  blade  on  one  side  of  the  propeller  disk  operated  at 
increased  angle  of  attack  and  experiences  an  Increased  thrust;  on 
the  other  side  of  the  disk  the  angle  of  attack  of  the  blade  is 
decreased  and  tho  blade  suffers  a  loss  of  thrust.  For  each  blade 
the  changing  load  cycle  is  completed  during  each  revolution  and  the 
frequency  of  this  excitation  is  equal  to  the  propeller  rotational 
speed. 

The  angle  of  thrust  axis  inclination,  a  ,  illustrated  by  tho 
upper  right  hand  sketch,  is  determined  by  all  "^factors  which  can 
produce  a  skewed  air  flow,  sideslip  as  well  as  angle  of  attack,  also 
upwash  ahead  of  the  wing  or  unsymmetrlcal  flow  created  by  the  engine 
nacelle  and  fuselage.  There  have  been  cases  in  which  taxiing  in  a 
cross  wind  gave  rise  to  first-order  vibx-atlon.  If  the  effective  angle 
of  inclination  is  known  the  vibratory  stress  can  be  calculated. 

The  blade  stresses  produced  by  the  oscillating  load  increase 
directly  as  the  product  of  the  angle,  ,  and  dynamic  pressure  as 
shown  in  tho  lower  pai-t  of  the  figure.  The  product,  tt^q,  has  an 
appreciable  value  over  most  of  the  operating  range  of  the  aircraft. 

At  low  speed  dynamic  pressure  is  small  but  is  large,  at  high 

speed  the  reverse  is  true.  Excitation  can  occur  under  all  operating 
conditions ,  though  it  may  be  alleviated  at  high  speed  or  cruise  if 
the  designer  can  achieve  a  small  '‘alue  of  for  these  conditions. 

The  only  encouraging  aspects  of  this  problem  are  that  the  caiise  of 
the  vibration  is  known,  and  that  the  blade  vibratory  stress  can  be 
calculated  if  the  flow  field  in  the  propeller  disk  is  known  either 
from  calculation  or  from  wind  tunnel  tests  of  a  model.  In  the  lower 
figixre  the  solid  line  presents  calculated  values  of  stress  for  a 
propeller  used  in  a  wind  tunnel  investigation;  the  points  on  the  curve 
are  measured  values. 
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The  problem  is  sufficiently  serious  to  make  necessary  special 
operating  techniques  for  some  propellers  now  being  used,  and  the 
future  application  of  very  thin  propellers  does  not  promise  to  ease 
the  problem.  Operation  near  resonant  speed  should  be  avoided.  Also, 
in  the  case  where  a  long  period  in  climb  is  required ,  or  for  level 
flight  with  a  heavily  loaded  aircraft,  operation  with  partially 
deflected  flaps  will  help  to  rcdxice  the  angle  of  attack  and  thereby 
minimize  propeller  vibration. 

The  noise  created  by  the  small  diameter  high-speed  propellers 
operating  at  supersonic  tip  speeds  will  certainly  be  objectionable. 
Conceivably,  the  sound  pressures  could  be  sufficiently  groat  to 
cause  structural  damage  to  an  aircraft*  If  this  should  be  the  case, 
noise  would  become  a  limitation  to  the  use  of  small  high-speed 
propellers.  The  noise  problem  is  not  at  all  critical  for  the  large 
slow  turning  prepoilers. 

Because  of  th'  improved  efficiency  at  high  speed  attainable  by 
the  use  of  very  thin  blades,  serious  effort  will  be  directed  toward 
the  development  of  thin-biade  propellers. 

For  the  speed  range  near  Mach  number  0.9  the  trend  will  probably 
be  toward  the  use  of  relatively  small  diameter  propellers  turning  at 
high  rotational  speed.  At  this  speed  such  a  propeller  will  operate 
with  efficiency  better  than  75  percent.  The  small  size  results  in  a 
lighter  weight  propeller,  and  high  rotational  speeds  make  possible 
the  use  of  smaller  and  lighter  reduction  gears  without  the  necessity 
for  additional  gearing  to  Improve  take-off.  For  the  small  high-speed 
propeller  the  flutter  and  vibration  problem  will  probably  be  leas 
critical  than  for  large,  slowly  turning  propellers. 


Where  cruising  at  reduced  power  and  spe^  is  Important,  the 
favorable  trend  is  toward  the  use  of  large  diameter,  slow  turning 
propellers  becaxise  these  operate  with  better  efficiency  than  other 
types  in  the  moderate  speed  range.  For  these  propellers,  however, 
flutter  and  vibration  will  be  critical  problems.  Also  to  obtain  best 
take-off  performance  may  require  the  development  of  two -speed  gears. 
In  cases  where  flutter  and  vibration  are  critical-,  these  problems  may 
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Figure  1.  -  Variation  of  efficiency  with  flight  Mach  number  for  three 

different  propeller  typ^s. 
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Figure  2.  -  Variation  of  efficiency  with  flight  Mach  number  as  affected 
by  diameter  and  rotational  speed. 
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Figure  3.  -  Variation  of  diameter  with  power  and  rotational  tip  speed. 
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Figure  4.  -  Variation  of  thrust  with  airspeed  in  take-off. 


Figure  5.  -  Variation  of  flutter  speed  coefficient  with  blade  section  angle 
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Figure  6.  -  First  order  vibration  -  excitation  aoid  blade  stress. 
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PRQPULSIOH  CONSIDERATIONS  FOR  HIGH-SPEED 
TRANSPORT  AIRPLANES 

13.  POWER  PLANTS  FOR  HIGH-SPEED  TRANSPORT  AIRPLANES 
By  Bruce  T.  Lund In  and  Eldon  W-  Hall 
Lewie  Plight  Propulsion  Laboratory 


The  introduction  and  subsequent  development  of  the  gas- turbine 
power  plant  within  the  recent  postwar  period  offers  possiblitles 
of  gi-eatly  Improved  transport  aircraft  performance  and,  at  the 
same  time,  introduce  many  new  and  complex  problems  of  both  engine 
and  aircraft  operation.  Both  the  performance  and  operational 
characteristics  of  the  gas-turbine  engine  differ  greatly  from 
those  of  the  familiar  reciprocating  engine,  and  these  differences 
will  have  a  marked  effect  on  transport  aircraft  performance  and 
operational  procedures.  Although  the  application  of  the  turbine - 
propeller  and  turbojet  engines  to  transport  aircraft  has  been 
actively  studied  and  discussed  from  a  performance  point  of  view  by 
many  investigators  in  recent  months,  rapid  progi-ess  of  engine 
development  necessitates  constant  revaluation,  and  many  difficulties 
of  engine  operation  remain  to  be  adequately  defined  and  solved. 

The  main  performance  characteristics  of  the  turb -ne -propeller 
engine  that  are  of  interest  to  aircraft  operation  are  Illustrated 
in  flgui'e  1,  where  the  thrust  per  unit  engine  weight  and  the  thrust 
specific  fuel  consumption  are  plotted  against  flight  speed.  These 
curves  are  for  an  altitude  of  35,000  feet,  although  the  general 
trends  are  the  same  for  any  altitude.  The  principal  characteristics 
illustrated  by  these  ciirves  are  the  decrease  in  thrust  and  the 
increase  in  specific  fuel  consumption  as  flight  speed  is  increased. 
At  a  speed  of  600  miles  per  hour,  for  example,  the  thrust  is  Just 
abou't  one-half  as  great  and  the  specific  fuel  consumption  is 
nearly  three  times  as  high  as  at  a  speed  of  300  miles  per  hour. 

This  decrease  in  engine  performance  with  increasing  flight  speed 
is  a  direct  result  of  the  frequently  mentioned  constant- horsepower 
chai*acterlstlcs  of  the  turbine-propeller  engine.  In  other  words, 
if  the  engine  performance  is  expressed  in  terms  of  horsepower 
instead  of  on  a  thrvist  basis,  the  brake  horsepower  per  unit  engine 
wel^t  and  the  brake  specific  fuel  consumption  wovdd  be  approxi¬ 
mately  constant  over  the  range  of  flight  speeds  presented  and 
numerically  equal  to  the  values  indicated  at  a  speed  of  375  miles 
per  hour. 
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The  naain  ptrfomance  characteristics  of  the  turbojet  engine 
are  presented  in  figure  2  where  the  thrust  per  unit  engine  weight 
and  the  thrust  specific  fuel  consumption  ^re  plotted  against  the 
fll^t  speed.  The  solid  curves  refer  to  the  turbojet  engine  and 
the  dashed  curves  show,  for  comparison,  the  characteristics  of 
the  turbine -propeller.,  engine  that  wore  illustrated  in  figure  1. 

In  contrast  to  the  constant- power  characteristics  of  the  turbine - 
propeller  engine*  the  turbojet  engine  is  essentially  a  .constant- 
thrust  device,  with  both  the  thrust  and  the  specific  fuel  consump¬ 
tion  remaining  substantially  unaf  ected  by  flight  speed.  A  com¬ 
parison  of  the  performance  characteristics  of  the  turbine - 
propeller  the  turbojet  engine  reveals  that,  at  low  flight 
speed's,  the  'thrust  of  the  two  engines  is  about  the  same  but  that 
the  fuel  consumption  of  the  turbojet  engine  is  about  three  times 
that  of  'the  turbine -propeller  engine.  As  the  fliglit  speed  is 
increased,  however,  the  thrust  of  the  turbojet  eng-ne  becomes 
much  greater  -than  that  of  the  turbine -propeller  engine,  and  the 
difference  in  specific  fuel  consumption  of  the  two  engines 
becomes  small. 


Although  the  engine  performance  characteristics  illustrated 
in  figures  1  and  2  afford  sonu.  appreciation  of  the  potentialities 
of -these  gas-turbine  power  piaiits,  an  adequate  evaluation  of  their 
utility  for  transport  aircraft  must  consider  the  aerodynamic  and 
structural. characteristics  of  the  airplanes  in  which  they  are  used. 
'One  -such.analysls  is  a  study  of  the  range  or  distance  each  type  of 
power  plant  may  carry  a -given  pay  load  at  various  flight  speeds 
and  altitudes.  An  Illustration  of  -the  results  of  such  a  range 
Study. is  shown  in  . figure  3,  where  the  flight  range  is  plotted 
Against,  the  fli^t  speed  wi-th  the  two  curves  indicating  the  capa¬ 
bilities  of  the  turbine -propeller  and  of  the  turbojet  engine. 

The  power  plant  providing  the  greater  range  at  a  given  flight 
speed  is  obviously  the  superior  engine  even  if  that  value  of  range 
is  longer  than  desired  because  shorter  ranges  could  be  covered 
with  -that  engine  wi-tii  either  a  smaller  fuel  expenditure  or  a 
lai’ger  pay  load.  These  results"  are  based  on  design  point  studies, 
that  Is,  bo-th  the  alrplaile  and  engine  are  varied  to  obtain  optimvua 
performance  at  each  point,  in  order  to  illustrate  the  potentialities 
of  -these  two  types  of  engine  and  to  evaluate  their  relative  ranges 
of  applica-tlon.  Some  of  -the  main  airplane  assumptions  -that  were 
used.. are  a  pay  load  of -'10  percent  of  -the  gross  weight,  a  structure 
weight  of  40  percent  of  the  gross  wel^t,  a  Breguet  flight  plan, 
and  a  maximum  wing  loading  of  60  pounds  per  square  foot.  As  would 
be  expected  from  the  performance  characteristics  of  -the  turbine - 
propeller  engine,  the  iAiige  provided  by  this  engine  decrea,ses 
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rapidly  as  fll^t  speed  is  Increased.  The  range  provided  hy  the 
tui’hojet  engine,  however,  increases  with  Increasing  fll^t  speed 
until  the  hi£^  drag, region  of  compressihility  is  reached.  The 
tvu’hine -propeller  engine  is  superior  to  the  turbojet  engine  for 
flight  speeds  up  to,  about  520  miles  per  hour  euid,  at  higher  fll^t 
speeds,  the  turbojet  is  the  better  engine.  Prom  the  standpoint 
of  range  and  pay -load  capabilities,  the  most  effective  application 
of  these  engiaes  is  in  the  region  of  400  to  500  miles  per  hour  for 
the  turhine -propeller  engine  and  in  the  region  from  500  to  600  miles 
per  hour  for  the  turbojet  engine. 

As  indicated  in  figure  3,  these  results  au:*e  for  an  altitude 
of  35,000  feet  for  both  engines.  Analysis  for  other  flight  alti- 
*^udes  resulted  in  somewhat  different  values  of  range,  but  the 
5S3 -over  point  between  the  turbine -propeller  and  the  turbojet 
glne  remained  essentially  the  same  for  all  altitudes.  This  , 
study  of  various  altitudes  of  operation  also  indicated  that  the 
optimum  altitude  for  both  types  of  power  plant  was  between  30,000 
to  40,000  feet.  The  flight  range  at  an  altitude  of  20,000  feet 
was  of  the  order  of  80  percent  of  that  shown  in  figure  3  for  an 
altitude  of  35,000  feet. 

In  order  to  illustrate  the  characteristics  of  a  given  airplane 
over  a  range  of  flight  conditions,  the  performance  of  a  selected 
airplane  and  powor  plant  was  analyzed  and  is  summarized  in 
figures  4  and  5.  The  design  fli^t  condition  was  chosen  as  . 

450  miles  per  hour  at  an  altitude  of  30,000  feet  for  the  turbine - 
propeller  engine  and  as  600  miles  per  hour  at  an  altitude  of 
35,000  feet  for  the  txirbojet  engine.  For  both  types  of  power 
plant,  a  gross  airplane  wel^t  of  150,000  pounds  was  assumed  and 
a  pay  load  of  15,000  pounds,  or  10  percent  of  the  gross  weight, 
is  carried.  The  airplane  structure  was  taken  as  40  percent  of 
this  gross  weight,  and  the  fuel  tank  wai^t  as  10  percent  of  the 
total  fuel  wel^t.  The  analysis  included  the  fuel  required  to 
climb  to  cruise  altitude,  and  a  I'eserve  fuel  of  10  percent  of  the 
total  fuel  was  allowed.  This  value  of  reserve  fuel  was  chosen 
instead  of  the  more  conservative  current  CAA  requirements  in  the 
belief  that  present  stacking  procedures  for  landing  or  resort  to 
alternate  landing  fields  in  event  of  poor  weather  cannot  be  tol¬ 
erated  if  the  full  potentialities  of  these  gas-turbine  power 
pldnts  are  to  be  realized.  The  wing  loading  was  assvuned  as 
60  pounds  per  square  foot  for  both  airplanes.  This  rather  mod¬ 
erate  value-  of  wing  loading  was  used  in  consideration  of  the 
landing  pi'oblem  and  to  assure  sufficient  volume  in  the  wing  to 
carry  the  fuel.  Both  airplanes  eu:e  considered  to  be  powered  by 
fovu*  power  plants. 
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The  performance  of  the  turbine -propeller- powered  airplane 
le  presented  in  figure  4  as  a  plot  of  range  against  flight  speed 
for  various  altitudes.  The  design  point  is  indicated  by  the 
circle  at  a  speed  of  450  miles  per  hour  and  an  altitude  of 
30,000  feet.  At  this  design  condition,  a  flight  I’ange  of  slightly 
over  5000  miles  is  obtained.  The  power  plant  was  taken  to  be  of 
sufficient  size  to  fly  the  airplane  at  this  design  condition  at 
normal  continuous  rating.  With  this  size  of  power  plant,  the 
airplane  is  capable  of  flying  at  altitudes  5000  feet  over  the 
design  altitude,  but  the  maximum  continuous  flight  speed  is  lim¬ 
ited  to  about  450  miles  per  hour.  The  range  remains  essentially 
independent  of  flight  speed  over  a  range  from  300  to  450  miles  per 
hour,  but  falls  off  as  the  flight  speed  is  reduced  below  300  miles 
per  hour.  This  reduction  in  range  at  low  flight  speeds  is  due  to 
the  combined  effects  of  the  reduction  in  airplane  lift-drag  ratio 
at  off -design-point  flight  and  the  increase  in  specific  fuel  con¬ 
sumption  of  the  engines  at  part  throttle.  At  a  speed  of  300  miles 
per  hour  at  an  altitude  of  20,000  feet,  it  is  possible  to  fly  the 
airplane  on  two  engines,  and  the  lower  specific  fuel  consumption 
of  the  two  engines  at  full  power  compared  to  four  engines  at 
50  percent  power  results  in  the  discontinuity  in  the  range  exurve 
at  this  point.  If  it  is  necessary  to  depart  from  the  design  alti¬ 
tude  because  of  unfavorable  weather  or  head  winds,  an  increase  in 
altitude  will  permit  attainment  of  the  design  range  at  a  sli^t 
saci’lfice  in  flight  speedy  If,  however,  it  should  become  necessary 
to  reduce  altitude,  either  the  range  must  be  decreased  (fig.  4)  or 
the  pay  load,  must  be  reduced.  A  comparison  of  the  various  altitude 
curves  indicates  that  a  reduction  in  altitude  from  30,000  to 
20,000  feet  will  result  in  a  reduction  in  range  of  25  percent.  The 
dot-dash  curve  indicates  the  airplane-flight  limitations  on  three 
engines,  that  is,  the  performance  that  would  be  obtained  if  an 
engine  failure  occurred  near  the  start  of  the  flight.  In  this 
event,  the  flight  speed  would  bo  reduced  about  50  miles  per  hom* 
below  the  design  value,  but  attainment  of  the  design  range  is 
still  possible. 

A  Bimllar  set  of  performance  curves  for  the  turbo Jet-powered 
transport  is  presented  in  figure  5  where  the  range  is  plotted 
against  flight  speed  with  the  various  curves  referring  to  different 
fll^t  altitudes,  and  the  circle  indicating  the  airplane  and  engine 
design  point.  At  the  design  speed  of  600  miles  per  hour,  a  range 
of  slightly  over  2200  miles  is  obtained.  In  this  case,  the  engines 
chosen  wore  slightly  larger  tlian  necessary  for  cruise  operation  at 
the  deslga  point  in  order  to  permit  flight  at  slightly  higher 
altitudes  and  to  partly  relieve  the  take-off  problem,  which  will 


‘be  '8ul)8equently  dl8cu&sed  In  detail.  Tha  range  provided  by  the 
turbojet -powered  airplane  is  somewhat  more  sensitive  to  flight 
speed  than  tliat  of  the  turbine -propeller  airplane ;  the  range 
decreases  from  the  design  value  as  the  flight  speed  is  either 
increased  or  decreased.-'  The  effect  of  a  change  in  altitude  on 
the  range  is  about  the  same  as  that  of  the  turbine -propeller 
airplane  with  a  decrease  Ifl  altitude  of  10^000  feet  below  the 
design  value  necessitating  a  decrease  in  range  of  about  25  per¬ 
cent.  In  event  of  an  engine  failure,  not  only  iq  a  reduct. on 
in  flij^t  speed  required  but,  unlike  the  turbine -propeller 
powered  airplane,  a  reduction; in  both  altitude  and  range  below 
the  design  values  will  be- necessary. 

The-  engine -performance  characteristics  used  in  the  pre¬ 
ceding  analyses  wore  the  same  as  those  illustrated  in  figures  1 
and  2  and  were  chosen  to  be  representative  of  the  performance  of 
enginoB  that  are  either  available  or  in  final  development  at  the 
present  time-  As  such, -these  analysea  are-  In  substantial  agree¬ 
ment  with  the  results  of  many  other  investigations  that  have  been 
actively'  discussed  within  recent  months-  It  is  therefore  of 
intorast  -to  investigate  how  this  picture  will  be  changed  if  the 
Impa'oveaents  in  engine  performance  that  are  indicated  by  research 
and  development  now  in  progress  are  realized.  These  improved 
engines  shall  be  designated  as  future  engines  and  are  viewed  as 
the  type  of  power  plant  that  may  be  available  to  the  transport 
industry  in  the  near  future. 

The  characteristics  of  the  turbine-propeller  engine  are 
shown  In  figure  6j  the  values , without  the  box  around  -them  refer 
to  present  engines  and  the  values  within  the  box  are  for  future 
engines.-  All  the  v€dues  shown  refer  to  engine  operation  at  con¬ 
tinuous  or  normal  cruising  conditions.  Both  the  compressor  ^.pres¬ 
sure  ratio  and  turbine- inlet  temperatvire  would  be  somewhat  higher 
at  maximum  rated  engine  conditions.  The  coinp-ressor  pressure 
ratio  P3/P2  was  increased  from  6  for  the  present  engine  to  8 
for  the  future  engine,  and  a  turbine- inlet  temperature  T^  of 
1900°  R  was  taken  for  both  engines.  The  use  of. turbine  cooling 
to  permit  higher  ttirbine- inlet  tenrperatiires  for  the  future  engine 
is  not  considered  because  analysi-s  indicates  it  to  be  of  only 
minor  'benefit  for  the  range  of  engine  and  flight  conditions 
presented  herein.  .The  component  efficiencies  were  each  increased 
3  percent  for  the  future  engine,  giving  a  compressor  efficiency 
tJq  of  88  percent,  a  combustion  efficiency  tj-jj  .  of  98  percent, 
and  a  turbine  efficiency  tj-j.  of  91  percent  for  the  future  engine. 
The  variation  in  propeller  efficiency  with  flight  speed  is 


132 


illustrated  in  the  small  plot  Jn  figure  6  For  the  present  engine, 
the  efficiency  was  assumed  constant  at  85  percent  up  to  a  flight 
Mach  numher  of  about  0.6,  after  which  the  efficiency  dropped  to 
50  percent  at  a  Mach  number  of  O-y.  For  the  future  engine,  the 
efficiency  was  increased  to  90  percent  in  the  low  speed  range  and 
was  assumed  to  drop  to  75  percent  at  a  Mach  number  of  09.  The 
engine  air  flow  Wa/Ac  at  sea -level  conditions  was  taken  as 
15  pounds  per  second  per  square  foot  of  compressor  frontal  area 
for  the  present  engine,  which  was  increased  to  20  for  the  futxire 
engine.  Only  moderate  increases  in  component  efficiency  and 
pressure  ratio  were  considered  for  the  future  engine  with  prin¬ 
cipal  emphasis  being  placed  on  engine  air  flow  and  propeller 
efficiency  because  analysis  has  shown  these  factors  to  be  of 
greatest  Importance.  All  these  assumptions  are  considered  to  be 
fairly  realistic  and  possible  of  attainment  without  extensive 
development . 

The  characteristics  chosen  for  the  present-  and  fut^ore  turbo¬ 
jet  engines  are  illustrated  in  figiare  7.  The  compressor  pressxire 
ratio  of  this  engine  was  somewhat  lower  than  for  the  turbine - 
propeller  engine,  being  4.5  for  the  present  engine  and  6.0  for 
the  future  engine.  For  bo-th  engines,  the  turbine- inlet  tempera¬ 
ture  was  maintained  at  1900°  R  and  an  exhaust -nozzle  efficiency 
of  95  percent  was  used.  The  component  efficiencies  are  the  same 
as  those  previously  indicated  for  the  turbine -propeller  engine. 

The  air  flow  was  -taken  as  25  povinds  per  second  per  square  foot  of 
compressor  frontal  area  for  the  present  engine  and  30  pounds  per 
second  for  -the  future  engine.  All  -these  assumptions,  in  particular 
■the  engine  air  flow  and  pressure  ratio,  may  be  considered  ratner 
conservative  when  compared  to  the  anticipated  performance  of  some 
engines  now  under  development  for  -the  military  services,  but  vere  . 
so  'taken  in  the  belief  that:  they  would  thus  be  most  representative 
of  engines  that  would  be  available  to  the  transport  industry  in' 
quantity  production  at  moderate  cost. 

The  Improvement  in  airplane  performance  afforded  by  the 
future  engines  is  illustrated  by  a  design -point-range  study  in 
figure  8.  In  this  figure,  the  two  solid  lines  refer  to  the  future 
turbine -propeller  and  turbojet  engines  and,  for  comparison,  the 
dashed  lines  Indicate  -the  performance  of  present  engines.  This 
comparison  between  present  and  future  engines  shows  that  the 
range  performance  of  both  'the  turbine -propeller  and  -the  turbojet 
airplane  is  greatly  improved  by  -the  future  engine.  At  the  design- 
point  speed  of  450  miles  per  hour  for  the  turbine -propeller 
engine,  which  is  indicated  by  'the  vortical  line,  the  range  is 
increased  from  about  5000  miles  wi-th  present  engines  up  to 
8500  miles  with  'the  future  engines,  or  an  increase  of  70  percent* 
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A3  previously  mentioned,  these  range  capahilities  may  be  con¬ 
sidered  as  a  relative  rating,  or  figure  of  merit  of  the  power 
plant,  even  if  ranges  as  large  as  8500  miles  are  unnecessary. 

For  example,  it  was  c<.mputed  that,  for  a  range  of  5000  miles 
for  both  engines,  the  pay  load  that  could  be  carried  could  be 
increased  from  15,000  pounds  with  the  present  engines  up  to  over 
38,000  pounds  with  the  future  engines,  or  an  increase  of  over 
two  and  a.  half  times.  This  increase  in  airplane  performance  with 
the  future  turbine -propeller  engine  is  largely  the  result  of 
higher  component  efficiencies  and  air-flow  capacity  at  low  flight 
speeds  and  nearly  half  the  gain  at  high  flight  speeds  ±s  due  to 
the  higher  propeller  efficiency.  For  the  turbo Jet- powered  air¬ 
plane,  the  range  at  a  design  speed  of  600  miles  per  hour,  shown 
by  the  vei’t.ical  line  in  figure  8,  is  increased  from  2200  miles 
with  present  engines  up  to  3100  miles  with  the  future  ermines, 
or  an  increase  of  about  40  percent. 

Although  large  improvements  in  performance  are  thus  pre¬ 
dicted  for  both  turbine -propeller--. and  turbcjat-psywered  aircraft, 
the  magnitude  of  these  future  gains  is  somewhat  greater  for  the 
turbine -propeller  engine  than  for  the  turbojet  engine.  As  a 
result,  the  cross-over  point  between  the  turbine -•  propeller  and 
the  turbo  let  engine  is  extended  from  about  520  miles  per  hour  for 
present  engines  to  over  600  miles  per  hour  for  the  future  engines. 
Although  the  exact  vEd.ue  of  this, cross-over  point  is  admittedly 
sensitive  to  the  assumptions  used,  the  fact  remains  that  the  anti¬ 
cipated  future  development  of  both  the  turbine  propeller  and  tur¬ 
bojet  engines  will  be  of  greater  benefit  to  the  turbine -propeller 
engine .  ' 

As  previously  mentioned,  the  size  of  the  power  plants  used 
in  the  preceding  performance  analysis  was  chosen  to  be  Just  suffi¬ 
cient  to  fly  the  airplane  at  the  design  flight  condition  with,  in 
the  case  of  the  turbojet  engine,  a  small  increase  to  permit  flight 
at  a  higher  altitude.  It  therefore  becomes  necessary  to  investi¬ 
gate  the  take-off  situation  with  both  turbine -propeller  and  tur¬ 
bojet  engines.  This  take-off  problem  is  the  same  for  both  the 
present’  and  futvire  engines  because  the  airplane  gross  weight  and 
the  total'  thrust  output  of  the  engines  are  identical. 

One  factor  that  aggravates  the  take-off  problem  is  the  decrease 
in  thrust  of . these  engines  at  high  ambient  air  temperatures.  The 
magnitude  of  this  effect  is  shown  in  flgui’e  9,  where  the  ratio  of 
take-off  thrust  to  rated  engine  thrust  is  plotted  against  the  air 
temperature.  Curves  are  shown  for  both  turbojet  and  turbine - 
propeller  engines,  with  the  effect  of  air  temperature  being  most 
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pronounced  for  the  turbine -propeller  engine.  At  an  air  tempera 
ture  of  100°  F,  the  take-off  thrust  of  the  turbine -propeller 
engine  is  .reduced  to  about  "'5  percent  of  the  rated  value  and  the 
turbojet  engine  has  lost. about  10  percent , of  its  rated  thrust- 

in  spite  of  the  large  reduction  In  take-off  thrust  of  the 
turbine-propeller  engine  with  increasing  ambient  temperature, 
the  inherent  large  horsepower  of  this  type  of  engine  affords 
satisfactory  take-off  performance  even  at  high  air  temperatures- 
For  the  turbine- propeller  airplane,  which  was  equipped  with 
sufficient  power  to  fly  at  450  miles  per  hour  at  30,000  feet 
unde;r  cruise  engine  conditions,  the  take-off  distance  with  an 
air  temperatvire  of  100°  F  is  only  about  3500  feet- 

For  the  turbojet  airplane,  however,  which  was  provided  with 
engines. that  were  slightly  larger  than  necessary  to  cruise  at 
600  miles  per  hoiu*  and  35,000  feet,  the  take-off  distance  was 
computed  to  be  about  9000  feet.  In  order  to  reduce  this  take-off 
distance  to  practical  values,  the  engjne  thrust  at  take-off  must 
obviously  be  increased.  Increasing  the  number  or  size  of  the 
engines  to  obtain  this  increase  in  thrust  would  penalize  the 
cruise  performance  of  the  airplane.  The  magnitude  of  this  loss 
in  airplane  T^erforimnce  when  the  engines  are  Increased  in  size 
is  shown  in  figure  10  where  flight  range  is  plotted  against  take¬ 
off  distance.  The  taks-ofi  distances  (fig.  10)  were  computed 
for  design  aircraft  gross  weight  and  an  ambient  temperature  of 
100  F  and  are  sufficient  to  clear  a  50- foot  obstacle.  Current 
CAA  requirements  were  used  which  permit  all  four  engines  to  be 
used  at  full  rated  power  for  the  initial  ground  run  but,  after 
a  critical  point  is  reached,  require  the  take-off  to  be  com¬ 
pleted  with  one  engine  dead.  As  previously  mentioned,  the  attain¬ 
ment  of  the  design  range  of  3100  miles,  which  is  indicated  by 
the  dashed  line,  requires  a  take-off  distance  of  SOOO  feet  As 
the  take-off  distance  is  decreased  by  increasing  the  size  of  the 
engines,  the  reinge  is  decreased  because  of  the  greater  wei^t 
and  size  of  these  engines  and  because  of  the  higher  specific 
fuel  consumption  associated  with  part -throttle  operation-  With 
sufficient  engines  to  provide  a  take-off  distance  of  3000  feet, 
the  range  is  reduced  to  2200  miles,  or  about  30  percent  below 
the  design  value. 

The  loss  in  reinge  Illustrated  in  figiure  10  need  not  be  tol¬ 
erated  if  the  normal  engine  installation  is  retained  and  if  the 
additional  thrust  required  for  take-off  is  obtained  by  some  other 
means.  This  extra  thrust  for  take-of.  can  be  obtained  by  rocket- 
assist  units;  but  this  method  is  rather  expensive  and  has  other 
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olsvious  disadvantages  for  widespread  commerc’al  use.  The  use  of 
special  methods  for  augmenting  the  thrust  of  the  turbojet  engine 
for  short  periods  of  time  therefore  becomes  of  particular  interest. 

Experimenta  -  euid  analytical  investigations  of  various  methods 
of  thrust  augmentation  have  been  in  progress  at  the  Lewis  labora- 
toi'y  foi'  several  years,  and  a  summary  of  the  results  of  several  of 
the  investigations  is  presented  in  figure  11-  In  this  figure,  the 
ratio  of  augmented  to  normal  thrust  is  plotted  against  the  ratio 
of  liquid  or  fuel  flow  with  augmentation  to  the  normal  engine 
fuel  flow  Three  different  metliods  of  thrust  augmentation  are 
illustrated,  each  of  which  is  advantageous  for  various  ranges  of 
application.  The  use  of  tail -pipe  burning,  or  the  burning  of 
additional  fuel  in  the  engine  tail  pipe  to  I’aise  the  exhaust-gas 
temperatui’e  higher  than  permitted  by  the  turbine -blade  materials, 
is  obviously  the  best  method  from  the  standpoint  of  low  liquid 
consumption  and  provides  a  thrust  ratio  of  up  to  nearly  1-5  for 
a  liquid  consimaption  ratio  of  about  3.5  This  point  is  very  close 
to  maximum  possiblities,  which  are  reached  when  enough  fuel, is 
injected  into  the  engine  tail  pipe  to  completely  burn  all  the  air 
that  passes  through  the  engine.  The  water -injection  method  is 
lim-ted  to  thi’ust  ratios  of  the  order  of  1-25  and  requires  con¬ 
siderably  higher  liquid  flow  rates  than  the  tail  pipe-bum^ng 
method-  Because  of  the  extreme  simplicity  and  small  additional 
weight  of  this  method,  however,  it  is  probably  the  most  desirable 
if  only  moderate  thrust  increases  are  required  for  short  periods 
of  time . 

Because  the  use  of  water  injection  increases  the  compressor 
pressure  ratio  and  because  the  use  of  tail -pipe  burning  Increases 
the  exliaust-gas  temperature,  these  two  methods  work  well  together 
and  actually  augment  each  other.  Thus,  these  two  methods  may  be 
used  in  combination  when  very  large  thrust  increases  are  required- 
Seme  of  the  results  obtained  by  this  combination  method  are  also 
Indicated  in  figure  11  for  two  dif  erent  rates  of  water  injection. 
This  type  of  augmentation  may  be  used  to  cover  the  range  of  thrust- 
augmentation  rating  from  about  1.5,  or  the  maximum  possibi-lities 
of  tail-pipe  bui’ning,  up  to  nearly  1.7.  Thus,  these  effective 
methods  of  increasing  the  thrust  of  the  turbojet  engine  may  be 
used  to  help  solve  the  take-off  problem. 

The  reduction  in  take-off  distance  permitted  by  these  methods 
of  thrusc  augmentation  is  illustrated  in  figure  12  where  the  take¬ 
off  distance  is  plotted  against  the  ratio  of  augmented  to  normal 
engine  thrust.  Adjacent  to  the  abscissa  scale  is  shown  the  range 
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of  applicability  of  each  of  tho  three  methods  of  thrust  augmen¬ 
tation.  The  take  off  distance  decrea.?e3  rapidly  as  the  amount 
of  thrust  augmentation  is  increased;  the  use  of  water  in.lection 
alone  provides  a  reduction  fi'om  9000  feet  to  5600  feet.  For  a 
take -of:  distance  of  4000  feet>  a  take-off  thrust  ratio  of  1  45, 
which  is  near  the  upper  limits  of  tail -pipe  burning,  is  required. 
The  extra  fuel  required  to  operate  the  tail- pipe  burner  for  this 
amount  of  augmentation  during  the  take-off  period  was  computed  at 
about  2.5  percent  of  the  total  fuel  load,  of  which  the  largest 
part  is  consumed  d'-r-ing  the  ground  run.  The  use  of  the  combina¬ 
tion  of  water  injection  and  tail -pipe  burning,  which  provides  a 
thrust  ratio  of  nearly  1.7,  would  permit  a  further  reduction  in 
take-off  distance  to  3000  feet. 

This  brief  survey  of  some  of  the  performance  characteristics 
of  gas-turbine  power  plants  has  indicated  that  the  constant -power 
characteristics  of  the  turbine -propeller  engine  result  in  its  most 
effective  application  at  flight  speeds  between  400  and  500  miles 
per  hovuc  and  that  the  constant -thi'ust  characteristics  of  the  tur¬ 
bojet  engine  make  this  engine  most  effective  at  speeds  from  500 
to  (-00  miles  per  hour.  Very  large  increases  in  the  capabilities 
of  both  of  these  power  plants  are  indicated  by  anticipated  future 
development,  part.cularly  for  the  turbine -propeller  engine. 
Desirable  cruising  altitudes  are  of  the  order  of  30,000  to 
40,000  feet  for  both  engines,  with  both  engines  being  about  equally 
affected  by  departure  from  the  design  altitude.  The  turbine- 
propeller  engine  was  found  to  have  sufficient  power  to  take  off 
on  a  hot  day  with  engines  properly  sized  for  cruising  conditions, 
but  the  take-off  characteristics  of  the  turbojet  engine  were  such 
that  special  thrust- augmentation  methods  will  be  necessary  for 
take- of.  use  if  the  full  potentialities  of  this  engine  are  to  be 
obtained.  Adequate  thrust  augmentation  methods  are  available, 
however,  with  the  tail -pipe -burning  method  providing  a  take-off 
distance  of  4000  feet  with  an  engine  installation  designed  for 
most  efficient  use  at  cruising  conditions. 
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The  applicability  of  turbine  engines  to  transport  aircraft 
has  been  discussed  from  the  aspect  of  engine  and  aircraft  per¬ 
formance  and  range  characteristics.  In  addition  to  these  factors, 
there  are  a  number  of  engine  operational  characteristics  that  have 
been  encountered  in  operation  of  turbine  engines  during  the  last 
several  years.  Some  of  the  operating  probleras  steriiming  from  these 
engine  operational  characteristics  are  reviewed  herein  with  respect 
to  their  effect  on  the  operation  of  transport  aircraft. 

The  operational  characteristics  that  hare  been  encountered 
and  considered  to  be  of  main  importance  are:  The  altitude  oper¬ 
ating  limits  of  the  engines;  the  ability  to  restart  the  engines 
during  flight  at  the  cruise  altitude;  possible  methods  of  oper¬ 
ating  the  engine  during  landing  approach,  with  a  view  toward 
maximum  thrust  reduction  ^dth  rapid  recovery  of  fUll  thrust  in 
the  event  of  an  unsuccessful  landing  approach;  and  requirements 
of  an  engine-control  system  for  all  altitudes.  These  character¬ 
istics  pose  more  severe  probl^  in  some  engines  tiian  in  others, 
and  in  engines  of  recent  design  some  of  the  problems  have  been 
essentially  eliminated. 

Investigations  of  the. altitude  operating  limits  have  in¬ 
dicated  that  the  maximum  altitude  at  which  a  turbine  engine  will 
operate  is,  limited  by  the  poubuetor.  As  tlie  altitude  is  increas¬ 
ed,  the  pressure  In  the  combustor  becomeslewer  and  thereby  adverse¬ 
ly  affects  combustion,  Ai  a  result,  the  combustion  efficiency 
decreases  at  hi^  altitud.es  until,  an  altitude  is  reached  where  the 
pressure  in  the  combustor  is  no  longer  high  enough  to  sustain  suf¬ 
ficient  burning  abend  of  the  turbine  to  maintain  engine  operation 
and  the  flame  is  extingjiisRed,  , 

An  example  of  thp  Altitdiie,  operating  limits  of  a  current  tur¬ 
bojet  engine  havijig  a  ^compres  sot  pressure  ratio  of  about  4  is  shown 
in  figure  1,  OpOTatidn  of  this  engine  at  any  altitude  was  possible 
only  over  the  range  of  enj^rie  spee.ds  between  the  minimum  and  max¬ 
imum-speed-limit  curves*  ,  'Jith  this  engine  it  was  possible  to 


operate  at  engine  speeds  as  low  as  the  normal  idle  speed  up  to  an 
altitude  of  38,000  feet.  At  higher  altitudes,  the  pressure  in  the 
combustor  at  idle  speed  was  too  low  to  sustain  combustion.  It  was 
therefore  necessary  to  increase  the  engine  speed  as  indicated  by 
the  blow-out  limt  so  as  to  retain  the  pressure  in  the  combustor 
sufficiently  high  to  maintain  burning.  The  decrease  in  the  max¬ 
imum-speed  limit  at  high  altitudes  was  caused  by  a  reduction  in 
compressor  efficiency  which  is  generally  encountered  at  high  al¬ 
titudes  and  results  in  a  rise  in  turbine  temperature  at  rated 
speed;  therefore  the  speed  must  be  reduced  at  high  altitudes  to 
avoid  overheating  the  turbine.  Altitude  limits  are  not  indicated 
over  the  intermediate  speed  range,  inasmuch  as  these  limits  were 
above  the  altitudes  covered  in  the  investigation. 

Also  illustrated  in  figure  X  are  the  probable  ranges  of  cruise 
and  let-down  operation.  The  probable  limits  of  cruise  operation  are 
well  within  the  altitude  Oper'ating  limits  of  the  engine.  Operation 
of  this  engine  during  let-down  at  high  altitudes  world  be  dangerously 
close  to  conbustlon  hlof»-out, 

With  continued  research  and  development^  the  operating  limits 
of  most  current  engines  are  well  above  those  shown  in  figure  1, 

Means  for  extending  the  blcw-out  limits  to  higher  altitudes  and  cotr* 
aequently  to  lower  burner  pressures  include  modifying  the  combustor 
liners  to  alter  the  introduct inn  of  air  into  the  burn:.i'g  region  and 
using  variable-area  IVrel  rnjectors;  which  permit  ope'.rtLir;g  with  high¬ 
er  injection  pressures  at  high  altitudes  aiid  c.onseoi’ontly  with  better 
fUel  atomization  than  is  obtainable  mth’ fixed -area  injectors.  Also, 
as  the  coirpressor  pressure  ratio  of  the  engine  is  raised,  the  altitude 
operating  limits  isdll  be  correspon^ngly  extended. 

The  turbine-propeller  engine  does  not  suffer  from  the  maximum 
and  minimum  speed  or  thrust  limitations  of  the  turbojet,  because  it 
can  be  scheduled  to  operate  from  maximum  to  minimum  thrust  at  or 
near  rated  speed  by  changing  the  propeller  blade  angle.  The  maximum 
altitude  will  be  limited  by  the  conbustors  in  the  same  manner  as  the 
turbojet  engine.  Altitude  limits  of  current  turbine-propeller  en¬ 
gines  are  in  the  vicinity  of  50,000  feet  or  higher. 

Another  extremely  important  operating  problem,  whi<ii;i3  under 
intensive  research  at  the  present  time,  is  that  of  restarting  an 
engine  in  flight  at  the  cruise  altitude.  The  necessity  for  restart¬ 
ing  the  engine  may  be  due  to  conhustion  blcw-out  resulting  from  mal¬ 
functioning  of  the  engine  or  improper  controlling  of  the  engine. 

Also,  it  may  be  either  necessary  or  desirable  for  best  economy  to 
shut  down  some  of  the  engines  during  part  of  the  flight.  Failure 
of  the  engines  to  restart  might  require  a  let-down  of  as  much  as 
10,000  to  20,000  feet.  A  subsequent  climb  to  cruise  altitude  after 
restarting  the  engines  would  result  in  an  undesirable  cost  j.n  terms 
of  lUel  censumption,  as  well  ^  a  loss  in  time. 
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The  problem  of  restarting  a  turbojet  engine  in  flight  can  be 
illustrated  viith  the  aid  of  figure  Z*  Many  cifrr«at  engines  are  of 
the  type  s^own  in  figdrV  2  iilth  d  nuiifcer' pf ,,tui^  -combustors. 
Spark.;plugs  are  generally  placed  in  oiijLyVtwp  o.f  the  coiibustors.  In¬ 
terconnecting  tubes  provide  a  path  for'  the‘‘  fisyne  to  travel  to  the 
other  combustors*  .  Altitude  starting  can  be  divided  into  three  steps; 
ignition,  propagation,  and  acceleration.  Ignition., is  obtained '  by 
supplying  a  combustible  fflixture  of  fdel  and  , air  in  the  region  of.  a 
spark,.that  has  sufficient  energy  to  ignite  it.  Once  the  fuel  is 
ignited  in  one  or  both  of  the  combustors  containing  spaiic  plugs, 
conditions  must  be  favorable  for  the  propagation  or  spreading,  of  the’’ 
flame  through  the  interconnecting  tubes  to  each  of  the  other  com—  < 
bustors,  Uith  engines  having  annular  combustion  zones,  propagation  - 
or  spreading  of  the  flame  is  generally  no  problonv, 

With  the 'fuel  burning  in  all  the  combustors,  it ris  then  neces¬ 
sary  .to  accelerate  the  engine  from  the  windmilling  starting  speed,, 
which  may  be  only  10  to  20  percent  of  rated  speed,  to  the  normal 
opei'ating  speed  range.  Acceleration  must  be  accomplished  without  ' 
eSccee.ding  the  turbiho-tcmporature  limitstor  without  -queriching  the  5 
flaiae.,  in. bhe^  combustors  by  increasing  the*  fuel  flow,  too  rapidly, 

■In  order  to  illustrate  ho'w  ignition,  flame  propagation,  and 
acceleration  limits  are  imposed  on  a  turho jet.  dngine,  an  example  of  ‘ 
the  altitude-starting  limits  of  one  engine' investigated  is  shown  in 
figure  3.  Successful  starts  of  the  ^ngine  could  .he  made  only  at  al¬ 
titudes  below  the  acceleratidri-limit  curve  up  to  a  Mach  nunteer  of  0,6 
and  below  the  propagation  limit  at  higher  Mach  nunfc.ers, : 

^  Fpr  ex^ple,  at  a  Hach  number  of  0',.4  and  ,  an.  altitude  of  28,000 
fe6t,  twining  could  be  obtained  in  all  the  combustors,  but  the  engine 
could  not  be  accelerated  mthout  ejcceedihg  the  turbine-temperature 
limits.  At  a  Mach  number  of  0,7  and  an  altitude  of  35,000  feet,  the 
fUeiiair  mixture  could  be  ignited  in  the  combustors  containing  spark 
plugs;  however,  the  flame  Would  nof'pTOpagate  through  the  inters 
connecting  tubes  and- ignite  the  remaning  combustors. 

Although  starting- of  this  ^r^ine  was  marginal  at  the  cruise  - 
altitude  of  35,000  feet,  some  current  engines  have  somevjhat  higher 
altitude-starting  limits . 

A  program  is  now  in  progress  at  this  laboratory  to  improve  al¬ 
titude  sta,rting.  The  aim  ef  this  prdgram  is  to  raise  the  altitude 
ignition  and  propagation  limits  to  approximately  the  altitude  oper¬ 
ating  limits.  Variables  being  studies  to  improve,  ignition  at  sil-  ■ 
titude  include  the  location  of  the  'spartc  4.^  the  combustor,  the  type 
of  spark  p^g.^u3ed>'  the  amount "of 'energ?' ‘dissipated  in  the  spark 
and 'the  fuel-spray  pattern.-  The  sd.ze'  a:id ’iQca-tio.n  of  the  intei-  ' 
connecting 'Sir®  being  varied,  to  improve  propagation  or -the  .' 
ability.. of,  the  flame  to  s'^ead  from  cSombustor  to  combustor*: 

j-  .j;  ♦  *-  -  '  *  ■  ' 
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Preliminary  ejcperLnents  with  single  conbustors  have  shown  that 
when  the  spark  energy  is  increased  from  the  standard  value  of  0,025 
joule  to  a  vaiue  of  10  joules,  botli  high  and  low  volatility  fuels 
were  ignited  at  mucli  higher  altitudes  than  those  shown  in  figure  3« 

One  factor  that  can  limit  altitude  acceleration  is  poor  com¬ 
bustion,  In  order  to  accelerate  the  engine,  the  turbine- inlet  tem- 
erat,ure  must  be  raised.  The  stability  of  some  combustors  at  altitude 
starting  conditions  is  so  poor  that  when  the  fuel  flow  is  increased 
to  raise  the  temperature  the  flame  is  cjrenched,  With  other  combus¬ 
tors,  an  increase  in  fuel  flow  at  starting  conditions  results  in 
lengthening  of  the  flame  through  the  turbine  into  the  tail  pipe. 

The  additional  restriction  to  the  gas  flow  caused  by  this  burning 
downstream  of  the  turbine  results  in  a  rise  in  pressure  in  the  tail 
pipe.  Therefore,  although  limiting  turbine  tejiperature  may  be  reached, 
the  available  pressure  drop  across  the  turbine  is  insufficient  for 
engine  acceleration. 

Another  factor  that  can  limit  altitude  acceleration  is  compressor 
sta^.  There  is  a  pressure  rise  across  the  compressor  accompanying 
the  increase  in  tenperature  for  acceleration.  This  increased  pressure 
rise  at  windmilling  starting  speeds  can  stall  the  conpressor  blades 
and  result  in  a  speed  reduction. 

One  method  for  increasing  the  altitude  acceleration  limit  is  by 
the  use  of  a  variable-area  exhaust  nozzle,  When  the  exhaust  nozzle 
is  opened,  less  restriction  is  offered  to  the  gases  flowing  through 
it  and  hence  the  tUihine-outlet  pressure  is  lowered o  Although  gains 
obtained  with  the  variable-area  nozzle  are  limited,  the  maximum  al¬ 
titude  for  engine  acceleration  has  been  raised  by  5000  to  10,000  feet 
with  this  method. 

Continued  research  to  improve  the  conbustor  performance  should 
permit  a  further  increase  in  altitude  acceleration  limits. 

The  altitude  starting  problems  of  the  turbine-propeller  engine 
are  the  same  as  those  for  the  turbojet  engine,  Vflien  the  propeller 
is  geared  to  the  coitpressojvturbine  shaft,  the  turbine- propeller 
engine  can  be  windmilled  to  as  high  as  rated  speed  with  the  propeller 
even  at  low  airspeeds'.  Ignition  and  flame  propagation  would  there¬ 
fore  be  the  only  problems  in  starting  at  altitude  with  this  type  of 
engine. 

During  the  landing  approach  it  is  necessary  that  the  engine 
thrust  be  reduced  as  much  as  possible;  however,  the  engine  itust  be 
able  to  regain  rated  thrust  in  2  to  3  seconds  if  necessary  in  order 
to  regain  flight  speed  and  altitude  in  case  of  an  unsuccessful  approach. 
The  amount  of  thi*ust  reduction  depends  on  the  aerodynamics  of  the  air¬ 
plane  in  the  landing  configuration,  vflilch  is  discussed  in  a  previous 
paper,  • 
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With  the  turbojet  engi»'ie,  a  conbidorahle  thrust  reduction  is 
possible  during  t^he  approacdi  by  reducing  engine;  speed,  as  shown  in 
figure  4 •  Operation,  at  about  55  percent  of  rat^d -speed  permits  a 
thrust  reduction  to  only  10  percent  of  the  r&ted  value, 

.’Although  this  thrust  reduction  is  satisfactory  for  approach, 

,_,the  large  mass  of  the  rotor  malces  the  engine  inherently  slug^sh  to 
accelerate  when  rapid  thrust  recovery  becomes,  necessary^  as  shown 
in  figure  5i  With  the  engine  operating  at  10  percent  pf  rated  thrust, 
about  7  seconds  are  required  to  accelerate  the  engine  to  rated  thrust. 

In  Order  to  keep  the  acceleration  time  within ’the  acceptable  limits 
of  2  to  3  seconds,  the  engine  must  be  operated  betv/een  35  and  50  percent 
of  rated  thrust  during  the  approach,  .  ' 

One  method  of  obtaining  wide  thrust  control  with  a  greatly  re¬ 
duced  time  for  thrust  recovery  is  by  the  use  of  a :  variable-area 
haust  nozzle.  Thrust  control  with  the  variable-area  nozzle  is  com¬ 
pared' to  that  with  a  fixed  nozzle  in  figure  6,  By  increasing  the  ex¬ 
haust-nozzle  area  50  percent,  the  thrust  at  rated  speed  can  be  lowered 
to  40  percent  of  the  rated  value.  In  order  to  obtain  10  percent  of 
the  rated  thrust,  the  speed  need  then  be  reduc,ed  only  to  77  percent 
of  rated  speed  as  compared  to  55  percent  of  rated  speed  with  the 
fixed  nozzle. 

Thrust  recovery  from  this  higher  speed  is  then  much  more  rapid 
as  ^owft  in  figure  7^  Recovering  from  40  to  100  precent  of  rated 
thrust  by  closing  the;  exhaust  nozzle  requires ■ only  about  1/2  second 
as  compared  to  22  seqonds  by  varying  speed  with  a  fixed-area  nozzle, 
BUrtheraADre,  the  time  required  to  increase  the  thrust  from  10  tO 
.100  percent  of  the  rated  value  requires  only  2  seconds  with  the' var¬ 
iable-area  nozzle  as  compared  to  about  7-sedonds  with  the  fixed  nozzle, 

‘Other  methods. of  thrust  reduction  for  landing  approach  are; 
bleeding  air  from  the  compressor,  thrdbtDing  the  engine . inlet,  and 
di voting  the  .exliaust  jot  sidewai-t  or  forward,  with  jet-thrust  spoilers. 

There  is  essentially  no  thrust-control  problem  with  the  turbine- 
plropeller  engine  inasmuch  as  the  engine,  can.be  scheduled  to  operate 
from  reverse  to  maximum  thrust  at  or  near  rated  speed  by  propeller^ 
blade-angle  changes, 

• 

'  'Considerable  trouble;  has  been  experienced  at  high  altitudes  with 
control  syatems  pf  some  turbine  engines,  iiost  .-engine  controls  are 
designed  to  operate  at  sea  level.  Difficulties  aris.e>'  hoyover,  when 
,  the  cohtrols  are  taken  to  •  altitude  because  of  the  increased  acceler¬ 
ation  time  of;  the  .engin^,  which' is’ ref  erred- to  as  an  increase  in  time 
constant,  Tha  time  constant  of  the ‘control  must  be  changed  accord¬ 
ingly  to  avoid  instability.  An  example  of  opeTation  yjith. a  control 
that  has  not  been  properly  edfipfensated-  for^  st-  change  in  engine-time 
constant  is  compared  in  figure  8  with  a  cortbrol  that'  vjas  properly 
compensat  ed> 


The  dashed  line  in  figure  8  indicates  the  change  in  set  or 
desired  speed  as  the  control  lever  is  advanced.  The  uncompensated 
control  had  previously  been  opcsrated  satisfactorily  at  sea  ievpl. 

Vifhen  the  control  lever  was  advanced  at  25,000  feet,  the  control 
response  in  supplying  fuel  flow  vias  the  same  as  that  at  sea  level. 

That  is,  the  control  anticipated  the  same  acceleration  as  at  sea 
level,  whereas  the  actual  acceleration  required  about  three  times 
as  long.  Because  the  acceleration  was  slow,  the  control  called  for 
nore  fuel  to  iiasten  the  acceleraticn.  The  result  was  an  acceleration 
with  excessively  hi^  turbine  temperature  follov^ed  by  a  severe  over¬ 
shoot  beyond  the  set  speed.  The  control,  anticipating  a  quick  re¬ 
sponse  in  speed  as  at  sea  level,  then  gave  the  signal  to  reduce  fuel 
flow.  Since  the  engine  response  was  slow,  the  fuel  flow  was  decreased 
too  much.  An  under  shoot  below  the  set  speed  then  occurred.  The 
control  continued  to  increase  and  decrease  the  fuel  flow,  resulting 
in  undamped  overshoots  and  undershoots.  Such  operation  could  readily 
lead  to  engine  destruction  and  was  stopped  by  shutting  down  the  engine. 

The  compensated  control  was-  set  to  anticipate  a  slower  acceler¬ 
ation  response  at  altitude.  Tne  fuel  flow  vias  therefore  increased 
more  slowly.  This  acceleration  was  ^ower  and  within  the  allowable 
temperature  limits.  As  the  control  anticipated  the  slower  acceler¬ 
ation  response  at  altitude,  only  a  slight  overshoot  and  under¬ 
shoot,  which  were  damped  out  after  the  first  cycle,  occurred. 

Because  the  turbine  engine  must  be  operated  within  a  narrow  range 
of  conditions  for  maximum  economy,  the  control  must  be  able  to  accurately 
hold  the  set  cortdition.  Also,  because  the  operating  conditions  for 
maximum  economy  are  near  the  operating  limits  of  the  engine,  the  con¬ 
trol  must  be  very  sensitive  to  overspeed  and  overt enperature  conditions 
to  prevent  overheating  the  turbine  blades  or  overspeeding  the  rotor 
for  any  length  of  time. 

It  is  also  desirable  to  have  a  control  that  will  operate  v;ith  a 
single  lever  that- has  a  fixed  schedule  at  all  altitudes,  ,  That  is,  to 
have  altitude  compensation  built  into  .the  conbyol  so  that  at  all  al¬ 
titudes  a  given  control-lever  position  corresponds  to  a  given  percent 
of  rated  thrust  for  the  turbojet  engine  or  percent  of  rated  power  for 
the  turbine-propeller  engine.  This  .relation  between  control-lever 
position  and  power  level  becomes  extremely  difficult  to  obtain  be¬ 
cause  the  fUel  flow  .at  cruise  is  only  one-fourth  to  one-sixth  of  the 
fuel  flow  at  talccj-off, 

A  numbestr  of  current  turbine  engines  now  under  development  have 
controls  that  approach  these  requirements;  however,  much  remains  to 
be  accomplished  before  the  cont rol . system  can  be  completely  relied 
upon  to  meet  thedemanefe  imposed  on  it.  Studies  of  a  number  of  engine  types 
are  being  carried  on  to  utilize  the  engine  characteristics  in  the 
analysis  of  controls  and  thereby  determine  the  basic  factors  leading 
to  improved  control  reliability. 


In  conclusion,  solutions  to  some  of  the  engine  operating  problems 
are  currently  available  and  research  is  being  continued  to  cliraina.te 
the  other  problems  that  still  exist.  It  should  be  kept  in  mind  that 
the  demands  of  the  military  on  these  engines  are  in  most  respects  more 
severe  than  those  for  transport  application.  Therefore,  because  these 
engines  are  being  used  and  will  continue  to  be  used  even  more  widely 
in  military  aricraft  before  they  find  their  way  into  transport  appli¬ 
cation,  many  of  tho  problems  will  be  solved  for  the  military.  The 
result  will  be  that,  as  in  the  past,  solutions  to  the  most  important 
problems  will  be  available  when  the  engines  are  finally  used  by  the 
transport  Industry. 
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EXAMPLE  OF  TURBOJET-ENGINE  OPERATING  LIMITS 
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STEPS  IN  ALTITUDE  STARTING 


1-  IGNITION 

2-  PROPAGATION 

3-  ACCELERATION 
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TYPICAL  ALTITUDE  STARTING  LIMITS 
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THRUST  CONTROL  WITH  FIXED  NOZZLE 

SEA  LEVEL  150  M PH 
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THRUST  RECOVERY  WITH  FIXED  NOZZLE 
SEA  LEVEL,  150  MILES  PER  HOUR 
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THRUST  CONTROL  WITH  FIXED  AND  VARIABLE  NOZZLES 
SEA  LEVEL,  ISO  MILES  PER  HOUR 
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THRUST  RECOVERY  WITH  FIXED  AND  VARIABLE  NOZZLES 
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Figure  7 

EXAMPLE  OF  CONTROL  INSTABILITY 


ALTITUDE,  25,000  FT 
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